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ABSTRACT 


This  volume  treats  three  special  bearing  types  selected  for  study  because  of 
their  favorable  stability  characteristics  and,  hence,  their  potential  for  use 
in  high  speed  rotating  machinery  applications*  The  three  bearing  types  are: 

a.  The  Three  Lobe  Journal  Bearing 

b.  The  Floating  Sleeve  Bearing  with  an  Incompressible  Lubricant 

c.  The  Floating  Sleeve  Bearing  with  a  Compressible  Lubricant. 

In  the  floating  sleeve  bearings,  the  ring  is  prevented  from  rotating  but  is 
otherwise  free  to  move.  The  ring  is  floated  by  pressurizing  the  outer  film 
of  the  bearing.  In  the  case  of  a  compressible  lubricant,  the  inner  film  is 
pressurized  as  well. 

The  volume  gives  extensive  design  data  in  form  of  charts  and  tables  from  which 
the  bearing  dimensions  can  be  obtained  for  a  given  application.  Data  are  given 
for  bearing  flow,  friction  power  loss  and  the  speed  at  which  hydrodynamic 
instability  sets  in.  In  addition,  two  computer  programs  accompany  the  volume, 
and  instructions  and  listings  of  the  programs  are  included.  The  programs  may 
be  used  to  obtain  data  for  cases  not  covered  by  the  presented  design  data. 


Hits  document  is  subject  to  special  export  controls 
and  each  transmittal  to  foreign  governments  or 
foreign  nationals  may  be  made  only  with  prior  approval 
of  the  Air  Force  Aero  Propulsion  Laboratory  (APFL) , 
Wright -Pat ter son  Air  Force  Base,  Ohio  45433. 
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The  currant  trend  towards  high-speed  rotating  machinery  in  many  applications 
has  focused  attention  on  the  bearings  supporting  the  rotor.  Most  conventional 
bearings  are  limited  to  relatively  low  speeds  for  a  variety  of  reasons  such  as 
operating  life,  high  friction  power  loss  and  stability,  and  at  the  present  time 
there  is  no  universal  bearing  which  will  eliminate  all  the  problem  areas. 

The  present  volume  analyses  three  special  Journal  bearing  types  which  are 
capable  of  insuring  stable  rotor  operation  to  rather  high  speeds.  As  conceived, 
the  bearings  assume  low  viscosity  lubricants  such  as  a  gas  or  a  low  viscosity 
fluid  (Lint,  a  liquid  metal)  in  order  tn  hold  the  friction  power  loss  to  an 
acceptable  level.  The  three  bearings  are  intended  to  provide  the  designer 
of  high  speed  machinery  with  a  greater  variety  of  bearing  types  to  choose  from, 
a  choice  which  at  present  is  mostly  limited  to  the  tilting  pad  journal  bearing. 

The  volume  gives  extensive  design  data  in  form  of  charts  and  tables  from  which 
the  dimensions  and  performance  data  of  the  bearings  can  be  obtained.  Several 
numerical  examples  are  included  to  illustrate  the  actual  use  of  the  data  in 
making  a  design.  Furthermore,  two  computer  programs  accompany  the  volume, 
and  instructions  for  u?lng  the  programs  and  listings  of  the  programs  are  given. 

The  bearing  considered  first  i*  the  three  lobe  bearing  which  is  shown  schemat¬ 
ically  in  fig.  1.  This  bearing  has  been  used  for  many  years  because  of  its 
known  ability  to  suppress  instability,  but  up  to  this  time,  no  information 
has  been  available  on  its  actual  stability  limit.  Also,  data  has  been  lacking 
on  the  friction  power  loss  and  flow  of  the  bearing.  The  influence  on  the 
bearing  performance  of  turbulence  in  the  bearing  film  is  included  in  the 
investigation  to  cover  lubricants  such  as  liquid  metals  which  are  frequently 
used  in  space  power  plants  or  in  machinery  for  nuclear  reactors. 

The  major  advantages  of  the  three  lobe  bearing  are  that  it  is  relatively  simple 
in  construction,  it  has  no  moving  parts  like  a  tilting  pad  bearing  or  a  floating 
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sleeve  bearing,  it  c an  be  designed  to  operate  stable  at  rather  high  speeds  and  it 
is  also  able  to  run  with  a  vertical  rotor  or  a  rotor  in  a  zero-g  field  which  is 
not  possible  with  conventional  cylindrical  bearings.  The  limitations  of  the  bearing 
are  its  inability  to  accommodate  any  appreciable  shaft  misalignment  unless 
specially  mounted,  and  its  relatively  high  friction  power  loss. 

The  second  bearing  type  is  of  the  floating  sleeve  variety  and  is  shown  in  Figure 
2.  It  is  given  the  name  of  the  hydrodynamic -hydrostatic  ring  bearing.  The  ring 
inserted  between  the  journal  and  the  outer  bearing  is  prevented  from  rotating  but 
is  otherwise  unrestrained.  The  ring  is  floated  by  pressurizing  the  outer  film 
through  feeder  holes  in  the  outer  wall.  By  proper  selection  of  bearing  dimensions 
and  operating  parameters,  this  bearing  can  be  designed  to  have  a  very  high  stability 
limit  (theoretically,  the  bearing  can  be  inherently  stable  if  the  mass  of  the 
sleeve  is  ignored).  Furthermore,  because  of  its  construction  the  bearing  can 
accomodate  more  shaft  misalignment  than  the  three  lobe  bearing.  It  is  found,  on 
the  other  hand,  that  to  achieve  the  improved  stability  it  is  necessary  to  have  a 
relatively  big  clearance  in  the  outer  film  which  meaus  that  the  flow  requirements 
of  the  bearing  are  quite  high  compared  to  non-pressurlzed  bearings.  Also,  the 
friction  power  loss  of  the  bearing  becomes  prohibitive  at  speeds  considerably 
lower  than  the  speed  at  which  the  bearing  would  otherwise  become  unstable  such 
that  the  bearings  high  speed  potential  cannot  be  utilized  fully.  Even  so,  the 
bearing  is  a  more  truly  high-speed  bearing  than  the  three  lobe  bearing. 

The  third  bearing  type  is  also  a  floating  sleeve  bearing  and  quite  similar  to  the 
one  considered  above  except  that  both  the  inner  film  and  the  outer  film  are 
pressurized  and  the  lubricant  is  a  gas  instead  of  a  liquid.  The  bearing  is  called 
the  hybrid-hydrostatic  ring  bearing  and  is  shown  in  fig.  3.  It  has  the  same 
desirable  stability  characteristics  as  in  the  previous  case  and  because  of  the 
gaseous  lubricant,  the  friction  power  loss  is  not  nearly  as  serious.  Hence, 
the  hybrid -hydrostatic  bearing  can  operate  at  very  high  speeds,  say  100,000  rpm 
or  more,  depending  on  the  application.  The  bearing,  however,  requires  somewhat 
tighter  clearances  than  the  liquid  lubricated  ring  bearing  which  means  that  its 
ability  to  accommodate  misalignment  is  more  restricted. 


In  the  following,  each  of  the  three  bearing  types  are  created  In  separate 
sections.  The  sections  are  devoted  to  a  detailed  discussion  of  the  design  pro*- 
cedure  for  the  bearings  and  explain  the  use  of  the  design  charts  contained  In 
figs.  4  to  53.  In  addition,  complete  numerical  examples  have  been  worked  out 
for  each  bearing  type.  The  theoretical  analyses  from  which  the  data  have 
been  obtained,  are  given  for  reference  in  6  appendices  in  back  of  the  volume. 

Two  computer  programs  have  been  written,  one  for  the  three  lobe  bearing  which 
also  applies  to  the  inner  film  of  the  hydrodynamic -hydrostatic  ring  bearing,  and 
one  for  the  hybrid -hydrostatic  ring  bearing.  Menials  for  the  programs  are 
given  in  Appendices  VII  and  VIII. 


THg  THREE  LOBS  XURNAL  BEARING 


The  geometry  o£  the  3  lobe  bearing  is  showa  schematically  in  figure  1.  The 
bearing  is  composed  of  3  circular  arcs  those  centers  of  curvature  are  removed 
from  the  center  of  the  bearing  by  the  distance  r.  Thus,  even  when  the  journal 
is  centered  in  the  bearing,  the  pads  are  loaded.  In  this  way,  the  stability 
threshold  of  the  bearing  is  raised  and  even  a  vertical  rotor,  or  a  rotor 
operating  in  a  "rero-g  field,"  can  run  stably  which  is  not  possible  with  a 
conventional  full  circular  bearing.  However,  the  improved  stability  threshold 
is  paid  for  by  an  increase  in  friction  power  loss  and  a  smaller  operating 
minimum  film  thickness  which  makes  the  bearing  more  sensitive  to  impurities  in 
the  lubricant. 

The  journal  diameter  is  D,  its  radius  is  R  and  the  bearing  length  la  L.  The 
lobes  are  separated  by  axial  grooves  with  an  arc  width  of  20  degrees.  The 
machined  radial  clearance  of  the  lobes,  comnon  to  all  three  lobes,  ia  C  such 
that  the  radius  of  curvature  of  the  lobes  is  &  +  C.  The  preload  is  defined 

as: 

Preload;  6  -  ^  (1) 

Thus,  when  5  **  0,  the  bearing  becomes  cylindrical  and  when  5  ■  1,  the 

journal  touches  all  three  lobes. 

The  preload  is  an  important  design  parameter  for  the  3  lobe  bearing.  It 
strongly  Influences  the  stability  threshold  and  the  friction  power  loss  of 
the  bearing. 

The  other  design  parameters  are  the  length-to-d lame ter  ratio  ,  the  Sommerfeld 
number  S  and  the  Reynolds  number  Rg : 

2 

Sonmerfeld  Number:  S  *  J  (2) 

Reynolds  Number:  Rg  =»  — 


(3) 


nhirtt 


V  ■  bearing  load,  lbs 
I  ■  rotor  apead,  rp» 

2 

«  lubricant  viscosity,  lbs. sec/inch 

2  4 

J?  -  lubricant  mass  density,  lbs. sec  /inch 

For  a  given  bearing  geometry  (i.e.  for  knovn  values  of  and  6)  and  for  a  given 
operating  condition  (i.e.  for  knovn  values  of  S  and  E^),  the  bearing  performance 
can  be  calculated  as  shovn  in  the  analyses  in  Appendices  i  and  ix.  The  actual 
calculations  are  carried  out  on  a  computer  by  means  of  the  program  described  in 
Appendix  Vlbthere  a  listing  and  the  instructions  for  using  the  program  are  given. 

For  knovn  values  of  the  four  parameters,  the  bearing  performance  is  defined  by  a 
set  of  dimensionless  quantities: 


the  bearing  eccentricity  ratio:  €_  “  eB 

B  C~ 

(4) 

the  bearing  attitude  angle:  q> 

9 

(5) 

flow  parameter:  ^s 

(6) 

HDLC 

the  friction  factor:  * 

Ff 

W  , 

r 

(7) 

CM> 

the  stability  mass  parameter:  — — 

(8) 

the  instability  frequency  ratio:  V  ■ 

V 

a 

(9) 

the  dimensionless  spring 

coefficients : 

CK 

XX  , 

CK  CK  CK 

*y  » _ 32L  .  yy  > 

(10) 

W 

WWW 

the  dimensionless  damping 

coefficients: 

OBffl 

XX, 

QdB  CcdB  CcdB 

.  z.  xy,  _ yx  , _ JX 

(11) 

w 

WWW 

e_  ■  the  distance  betveen  the  bearing  center  and  the  journal  center,  inch 
9 

3 

0^  ■  the  total  hydrodynamic  leakage  flov,  inch  /sec 
F^  ■  the  total  friction  force,  lbs 

2 

M  °  the  mass  of  the  journal,  lbs. sec  /inch 

cn  ■  2  It  N,  the  angular  speed  of  rotation,  radlans/sec 

v  -  the  vhirl  frequency  at  onset  of  instability,  radians /sec 
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spring  coefficients,  lbs /inch 
damping  coefficients,  lbs. sec /inch 


xy' 

*  1 
yx’ 

it 

yy 

B  , 

B  , 

B 

xy 

yx' 

yy 

The  x-y-coordinate  system  has  its  origin  in  the  steady-state  position  of  the 
journal  center  with  the  x-axis  in  the  direction  of  the  applied  static  load: 


I 


steady- state 
position 


Under  dynamic  load,  the  journal  center  motion  is  described  by  the  amplitudes 


x  and  y.  Then  the  dynamic  forces  acting  on  the  journal  are: 


P  -  —  K  x  —  B  TZ  —  H 
x  xx  xx  dt  xy 

F  -  -  K  x  —  B  4—  —  K  y 

y  yx  yx  dt  yy 


y  —  B 


±L 
xy  dt 

-B  £ 
yy  dt 


(12) 


The  8  dynamic  coefficients  are  used  to  represent  the  bearing  in  a  rotor  response 
calculation  as  described  in  Volume  5  (see  also  reference  3). 

The  hydrodynamic  leakage  flow,  Q  ,  is  the  sum  of  the  end  leakage  flows  from 
the  lobes  and  also  includes  any  net  excess  flow  into  the  grooves  (see  Appendix 
VII.)  To  get  the  flow  in  gallons  per  minute  (gpm) ,  multiply  by  60  and  divide 
by  231. 

Usually,  the  lubricant  is  supplied  to  the  bearing  under  some  pressure.  The 
flow  induced  in  this  way  (the  so  called  "sero  speed  flow")  must  be  added  to  the 
hydrodynamic  leakage  flow  to  obtain  the  total  bearing  flow. 


(13) 


Tbs  friction  power  Ion  can  be  calculated  from  the  friction  force,  aa: 

Friction  power  lose  -  "^f  HP 

6600 

Zf  it  ia  assumed  that  all  of  the  heat  generated  by  the  friction  power  losa  goes 
into  the  lubricant  film,  tha  corresponding  temperature  rise  of  the  lubricant  can 
be  calculated  based  on  the  obtained  flow.  Vith  this  temperature  the  operating 
viscosity  of  the  lubricant  can  be  determined. 

The  eccentricity  ratio  and  the  attitude  angle  q>B  defines  the  steady-state 
position  of  the  journal  center  relative  to  the  bearing  center  and  the  static 
load  line  (the  x-axls) .  From  this  the  minima  film  thickness  in  the  bearing 
can  be  determined  (see  Appendix  III •  Under  almost  all  conditions,  the  minimum 
film  thickness  occurs  at  the  bottom  lobe  (see  fig.  1)  in  which  case: 

Minimum  Film  Thickness,  inch  ”  min.  of < 

(  C  f  1+  tofg  ] 


The  minimum  film  thickness  gives  a  relative  measure  of  haw  heavily  the  bearing  Is 
loaded.  The  acceptable  lower  value  for  the  minimum  film  thickness  depends  on  the 
condition  of  the  lubricant. 

The  threshold  of  instability  is  defined  through  the  stability  mass  parameter  in 

eq.  (8).  It  applies  to  a  rigid  rotor  with  total  mass  2M  supported  in  two  similar 

bearings,  and  the  parameter  defines  that  mass  the  rotor  must  have  in  order  for 

the  rotor -bearing  system  to  be  on  the  threshold  of  instability  for  the  specified 

operating  condition.  If  the  actual  rotor  mass  is  bigger,  the  bearing  is  unstable. 

At  the  threshold  of  instability  the  steady-state  equilibrium  position  of  the 

journal  is  neutrally  stable  and  the  journal  center  whirls  in  an  fnffnitessimdl 

small  closed  orbit  with  a  frequency  v,  given  through  the  whirl  frequency  ratio  - 
v 

r  -=• 

The  stability  mass  parameter  can  also  be  used  to  determine  the  threshold  of 
instability  for  a  flexible  rotor.  Let  the  rotor  consist  of  a  shaft  with  stiffness 
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*1  00  which  la  mounted  a  central  dice  with  meaa  2M^.  end  are  defined 
auch  that  the  natural  frequency  of  the  motor  simply  supported  at.  the  bearing 
centerlines  is  equal  to  Then  the  threshold  of  stability  is  defined 
by  the  parameter: 


Stability  Mass  Parameter  for  Flexible  tofcor: 


Ota 

where  —  and  ^  have  the  values  obtained  for  the  rigid  motor.  It  is  seen 
that  the  flexibility  of  the  rotor:  lowers  the  threshold  of  instability. 


If  the  rotor  is  not  symmetric,  the  computer  program  described  in  Volume  5  can 
be  used  to  calculate  the  speed  at  onset  of  instability.  In  this  calculation, 
the  bearing  is  represented  by  the  8  dynamic  coefficients  as  obtained  above. 


The  performance  of  the  3  lobe  bearing  with  a  preload  of:  5  -  0.5,  and  for  two 
values  of  the  length-to-dlameter  ratio:  L/D  -  0.5  and  1,  is  given  in  Table 
The  columns  of  the  table  give  the  values  of  the  parameters  defined  above. 

For  those  conditions  where  no  values!*  given  for  the  instability  frequency 
ratio  or  the  stability  mass  parameter,  the  bearing  is  atablp. 

The  table  contains  two  additional  quantities,  namely  Q^/NDLC  which  is  the 
dimensionless  circumferential  flow  (i.e.  the  suj  of  the  flows  entering  the 
three  lobes  from  the  grooves),  and  OIW/jiDL  ^  ~  j  which  is  another  dimensionless 
form  of  the  stability  mass  parameter  (it  is  equal  to  /  4fT2S). 

The  most  significant  results  are  plotted  in  figs.  8  to  15.  Figs.  8  and  9  give 
the  stability  mass  parameter.  Figs.  10  and  11  show  the  friction  factor,  figs. 
12  and  13  give  the  minimum  film  thickness  normalised  with  respect  to  C,  and 
figs  14  and  15  give  the  flow  parameter.  The  abclssa  is  in  all  cases  the 
Sommer feld  number  S,  and  each  graph  contains  four  curves  corresponding  to 
Seynolds  umbers  of  0,  2000,  10000  and  30,000.  The  curves  for  K  -0  apply  to 
laminar  flow  (i.e.  when  <  2,000). 


9 


The  um  of  th«  graph*  is  b«st  illustrated  by' so  example.  Lot  •  rigid,  symmetric 
rotor  of  200  lbs.  bs  supported  in  two  similar  3  lob#  b«arings  with  a  length-to- 
dlaaster  ratio  of  1/2.  The  lubricant  is  liquid  potassium  at  S00°P.  The  data  arat 
baaring  diaastart  D  ■  3  inch 
bearing  length}  L  •  1.5  inch 
radial  clearance:  C  ■  0.002  inch 
preload:  6-0.5 
bearing  load:  W  -  100  lbs. 

Journal  mass:  M  -  100/386  -  0.259  lbs.sec*/l*ch 

*8  2 

lubricant  viscosity:  n  «  3#85*10  lbsessc/inch 

•5  2  4 

lubricant  mass  density:  f  -  7.3*10  lbs. sec  /inch 

Denote  the  rotor  speed  in  rpm  as  H.  Thant., 


.  2f.tVlf.U-t.on  .  N  J':;; 

at?  J  C.M2  M ft  /Wfft* _  r,. 

— Vt - ("6 ~l  '  SM  I°  N 


i-tii-ur*  (mx)  N  Jf- 

friction  power  loss  -  3.17*10“^  )  N  HP 

V  CW  ' 


With  these  relationships  the  bearing  performance  can  be  obtained  from  figs. 
10,  12  and  14: 

From  From  From 


fig.  10  fig. 12  fig. 14 


Kotor  speed 

N,  rom  *e  S 

g  If 

C  V 

h  , 
min 

C _ 

NDLC 

Power  loss 
HP 

Flow 

gpm 

Min.  Film 
Thickness. 

5,000 

2,980  0.0612 

5.8 

0.2 

l.bb 

0.092 

0.32 

0.0004 

10,000 

5,960  0.1625 

14 

0.335 

0.84 

0.44 

0.33 

0.00067 

15,000 

8,940  0.2438 

31 

0.4 

0.59 

1.43 

0.34 

0.0008 

18,000 

10,710  0.2925 

47 

0.428 

0.51 

2.68 

0.36 

0.00086 
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To  determine  the  threshold  of  inatabillty,  plot  tha  stability  limit  for  tha 
rotor  in  fig.  8: 


2,000 

10,000 

30,000 


H,  rp« 

3,3b0 
18,800 
50, 400 


0.0546 

0.273 

0.819 


Ota2 

W 

(stable) 

17.9 

81.5 


Tha  oparating  lina  of  tha  rotor  la  givan  by: 


Ota 

W 


-  215*3  which  la 


itralght 


lina  with  a  alopa  of  2  in  fig.  8  bacauaa  of  tha  logarithmic  acalaa.  Tha 
oparating  lina  intersect*  tha  atability  limit  curve  at  -tt—  ■  19  from  which 
tha  apaed  at  onaat  of  inatabillty  ia  found  to  be  18,300  rpm.  For  comparlaon, 
the  inatabillty  speed  of  a  plain  cylindrical  bearing  can  be  determined  from 
Table  3  aa: 


Plain  Cylindrical  Bearing 


10,700  rpm  for  C  -  0.002 
14,260  rpm  for  C  ■  0.001 
Thia  gives  an  indication  of  tha  stability  improvement  obtainable  with  a  three 
lobe  bearing. 


If  the  rotor  Instead  of  being  rigid  is  flexible  and  consiats  of  a  shaft  on 
which  la  mounted  a  central  disc,  the  threshold  speed  will  be  lowered.  Let 
the  disc  weigh  200  lba  and  let  the  shaft  have  a  stiffness  of  10^  lbs/inch. 
The  natural  frequency  of  the  rotor  simply  supported  is: 


Natural  frequency  -  ^OO/^P  “  if  100/386  "  l’390 


radians 

sec 


13,300  rpm 


The  shaft  stiffness  to  be  used  in  eq.  (15)  is: 
half 


1* 


500,000  lbs /inch  and  the 


disc  mass  is:  ■  100/386  *  0.259  lbs. sec  /inch.  Hence: 


CSC_  0.002  •  500.000 

.  L00 - 10 


215. S 
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The  flexible  rotor'  hee  the  seme  operating  line  u  the  rigid  rotor  aince  the  maaa 
la  unchanged.  The  stability  limit,  however,  la  lowered.  From  eq.  (15) 


10  +  (0.5)  W 


where  the  instability  frequency  ratio  has  been  set  equal  to  0.5  (for  a  more  accurate 


value. 

use  Table  2) . 

Hence, 

by  using  fig.  8: 

Qtu2 

SttfL 

!• 

N,  rpm 

S 

W  (from  fig.  8) 

V 

2,000 

3,360 

0.0546 

(stable) 

(stable) 

10,000 

16,800 

0.273 

17.9 

12.35 

30,000 

50,400 

0.819 

81.5 

2b. 35 

The  operating  line  intersects  the  stability  curve  at  *  12  to  which  corresponds 

W 

a  threshold  speed  of  14,500  rpm. 

When  the  rotor'  is  vertical  or  operates  in  a  "xero  g  field",  the  bearing  is  un¬ 
loaded,  i.e.  W  -  0.  Hence,  the  eccentricity  ratio  eB  is  xero,  and  the  Sommerfeld 
number  'become*  infinite  and  can  no  longer  be  employed  aa  a  parameter.  In  this 
case  the  performance  parameters  of  eqs.  (7),  (8),  (10)  and  (11)  are  redefined. 
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V-  “Kxy 
Byy  "  B*x 

b  -  -  B 
yx  xy 

Calculated  performance  data  are  given  In  Table  1  for  a  3  lobe  bearing  with 

—  -  j  and  1,  and  for  4  Values  of  the  Keynolds  number. 6  preloads  are  considered. 

The  stability  mass  parameter  and  the  friction  factor  are  plotted  ‘in  figs.  4 

to  7  as  a  function  of  the  preload.  Hence,  for  a  given  applicatlbn  the  preload 

required  to  ensure  stable  operation  is  readily  determined.  Td' illustrate, 

consider  the  same  rigid  /.TOtcrr as  in  the  previous  example.  From  the  given 

rotor  and  bearing  data: 

I  -  0.596*  N 
© 


,  CMN  _  MN _ 0.2M  N  _ 

> DL(£)*  ‘  2/+L(£?  ~  2*3 60  _< 

friction  power  loss  "  S’.lS’*  lOT*  (  ^  uNDL($f^  ^ ? 


7  To"  'MU-IO'*  N 


/*N0Lff)* 


HP 


Thus,  by  using  figs.  4  and  6: 


From  Fig.  6 


R 

e 

N,  rpm 

CMN 

From  Fig. 4 
Preload:  6 

1 

C 

Ff 

Power  Loss,  HP 

HDLC^2 

h»DL(§)2 

2,000 

3,360 

0.297 

0.393 

54 

0.03 

10,000 

16,800 

1.49 

0.52 

156 

2.27 

30,000 

50,400 

4.4o 

0.575 

360 

47.1 

Hence,  the  rotor  can  operate 

stably  at  50, 

000 

rpm  if  the  preload  is  approxl 

mately  0. 

6  but  the  friction  power  loss  is 

then 

close  to  50  HP. 

It  is  seen  that  the  threshold  speed  for  the  vertical  rotor  with  a  bearing  pre¬ 
load  of  0.5  is  approximately  16,000  rpm  which  is  a  slight  reduction  of  the  speed 
determined  for  a  horizontal  rotor  where  the  bearing  is  loaded. 


TOE  HYDRO DYNAMIC -HYDROSTATIC  KING  BEAIIHG 


Th«  bearing  is  shown  schemscicslly  in  figure  2.  It  actually  consists  of  two 
bearings  (two  lubrication  films)  separated  by  a  floating  ring.  The  ring  is 
restrained  from  rotating  by  a  pin  but  is  otherwise  free  to  move.  In  the 
inner  film,  pressures  are  developed  by  the  hydrodynamic  action  from  the 
rotating  Journal.  The  outer  film,  which  is  a  hydrostatic  bearing,  is  supplied 
with  pressurised  lubricant  through  restricted  feeder  holes.  In  this  way  the 
bearing  can  be  designed  such  that  the  damping  from  the  outer  film  stabilises 
the  inner  bearing  thereby  raising  the  stability  limit  of  the  bearing  signi¬ 
ficantly.  Furthermore,  by  this  construction  the  bearings  ability  to  accommodate 
sdsalignment  is  appreciably  improved.  On  the  other  hand,  the  flow  requirements 
of  the  bearing  are  large  as  discussed  in  the  following. 

The  detailed  analysis  of  the  bearing  is  given  in  Appendices  III  and-  IV.  The 
computer  program  described  in  Appendix VQ  is  used  to  calculate  the  performance 
characteristics  of  the  inner  film  and  some  typical  data  are  given  in  Table  3. 

The  stability  characteristics  of  the  bearing  are  given  by  figures  16  to  21. 

The  length-to-diameter  ratio  is  equal  to  1,  based  on  the  journal  diameter. 

The  charts  are  based  on  a  given  outer  film  stiffness,  K  ,  and  the  curves  give 

2  0 

the  stability  mass  parameter  CKo  /V  as  a  function  of  the  damping,  Bq,  of  the 
outer  film.  The  curves  are  plotted  for  several  values  of  the  Sommerfeld 
number  S  of  the  inner  film,  and  two  Reynolds  numbers  are  considered:  0  and 
30,000. 

The  outer  film  stiffness  and  damping  are  used  in  the  dimensionless  forms: 

CK 

for  outer  film  stiffness:  o  (20) 

H 

for  outer  film  damping:  ^Bo  (21) 

W 

where : 

C  ■  radial  clearance  of  inner  film,  inch 
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W  “  bearing  load,  lbs 

03  •  angular  speed  of  rotation,  radians/sec 
Kq  ■  outer  film  spring  coefficient,  lbs/inch 
Bq  ■  outer  film  damping  coefficient,  lbs.sec/incb 
The  stability  mass  parameter  has  been  defined  and  discussed  in  the  previous  section 
on  the  three  lobe  bearing  (see  eq.  (8)).  It  applies  to  a  rigid,  symmetric  rotor 
With  mass  2M. 


The  charts,  figs.  16  to  21,  show  that  for  a  certain  range  of  the  outer  film  damping, 

the  bearing  is  inherently  stable.  This  "corridor"  of  inherent  stability  is  seen 

to  have  a  slope  of  2  in  the  charts.  Since  the  charts  employ  logarithmic  scales, 

GcuB  2 

this  means  that  for  the  bearing  to  operate  in  the  corridor  the  ratio  ( _ o)  / 

q*|)2  y 

~ —  is  constant.  This  ratio  is  independent  of  speed. 


In  designing  the  bearing,  the  objective  .  is  to  select  the  outer  film  stiffness 
and  damping  such  that  the  bearing  operates  in  the  stable  corridor.  The  outer 
film  coefficients  are  given  by  the  charts  in  figs.  22  to  25.  In  these  charts 
the  coefficients  have  the  dimensionless  form: 


Dimensionless  stiffness 


146 

w|  62 


Co  Bo 


C  K 
o  o 

P  L  D 
s  o  o 


Dimensionless  damping 

(note:  subscript  "o" 
where : 


t  n  /*°\ 2 

^oVc"* 

o 


is  left  out  on  the  charts) 


Dq  “  bearing  diameter,  inch 

Lq  *  bearing  length,  inch 

Rq  m  bearing  radius,  inch 

C  *  radial  clearance  of  outer  film,  inch 
o 

Kq  *  Spring  coefficient,  lbs/inch 
Bq  ■  damping  coefficient,  lbs. sec/inch 

P  »  lubricant  supply  pressure,  psig 

3  2 
H  *»  lubricant  viscosity,  ' lbs. sec/inch 


The  feeder  holes  of  ths  bearing  may  either  be  in  the  centerplane  of  the  bearing, 
celled  "single  plane  admission",  or  arranged  in  two  planes  symmetric  with 
reepect  to  the  centerplane,  called  "double  plena  admission."  If  the  distance 
between  the  admission  planes  is  L^,  define: 


L2  "  Lo  'L| 


o 


Hence,  for  single  plane  admission,  £j*0  and  »  Pereas  for  double 

plane  admission  the  above  definitions  apply. 


(22) 


The  flow  restriction  may  be  provided  by  orifices  or  by  the  feeder  holes  them¬ 
selves 

Flow  in 


I 


If  there  is  no  orifice  and  the  feeder  hole  acts  as  a  narrow  tube,  the  bearing 
is  said  to  be  laminar  restricted.  Vhen  the  predominant  flew  restriction  is  in 
the  orifice,  the  bearing  is  orifice  restricted.  Finally,  the  flow  may  be 
restricted  in  the  "curtain"  area  formed  between  the  rim  of  the  feeder  hole 
and  the  surface  of  the  ring.  This  is  called  "inherent  compensation."  The 
inherent  compensation  factor: 


gives  the  ratio  between  the  orifice  area  and  the  curtain  area.  When  5*0, 
the  feeder  hole  is  purely  orifice  restricted,  and  when  6*0,  the  flow  restric¬ 
tion  takes  place  in  the  curtain  area  only.  For  intermediate  values  of  5, 
both  restrictors  are  acting.  For  the  laminar  restrictor,  set  5*0. 
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The  spacing  factor  X  accounts  for  tha  affact  of  the  spacing  of  tha  feeder  holes. 
Lat  thara  ba  n  faadar  holes  in  total  (i.a.  for  double  plane  admission  there 
are  ^  boles  par  plana).  Than  X  la  given  by: 


X 


1o*.  <T3> 


(25) 


where  n  is  tha  number  of  holes  per  admission  plane  (n  »  n  or  n  ■  -z  n.)  For 
P  p  P  • 

■ora  accurate  expressions,  sea  eqa.  (C-28),  (C-29),  (C-33)  and  (C-34),  Appendix  HI* 

A  typical  value  is:  X  ■  1.5. 


In  tha  charts,  figs.  16  to  21,  the  abciaaa  is  the  restrictor  coefficient  A#  which 
gives  tha  ratio  between  tha  flow  resistance  of  the  bearing  film  and  the  feeder 
holes.  It  is  defined  as: 


Restrictor  Coefficient:  A^-  j 


'JFJ 


1  +  6 


4 


8  C.3i 
o 


X^2  (Orifice  restriction  + 
inherent  compensation) 


(Laminar  restriction) 


where: 

0^  ■  discharge  coefficient  (Cp**  0.6) 


a  ■  radius  of  orifice  or  feeder  hole,  inch 

2  4 

y  •  mass  density  of  lubricant,  lbs* sec  /inch 
t  -  length  of  feeder  hole,  inch 

and  the  other  symbols  have  been  defined  above.  It  is  seen  that  the  bearing  is 
optimized  with  respect  to  stiffness  when  Ag  ■>  1. 


The  charts  assume  that  the  bearing  is  operating  with  no  eccentricity.  This  assump¬ 
tion  la  valid  in  most  cases.  Furthermore,  the  load  displacement  characteristic 
is  close  to  being  linear  such  that: 


c0  eo  Ko  (27) 

where : 

W  “  bearing  load,  lbs. 

-  bearing  eccentricity  ratio 
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This  relationship  is  vslid  for  sccsntrlcitiss  up  to:  eQ'>  0.4  to  0.5. 

The  bearing  flow  can  be  determined  from  fig.  26  where  the  ordinate  is  the  dimen¬ 
sionless  flow: 

%  -A  t,  ' 

PC  J 

s  o 

Here: 

3 

Q  ■  flow,  inch  /sec. 

The  chart  is  vslid  for  both  single  plane  admission  and  double  plane  admission, 
and  for  any  length-to-diameter  ratio. 

The  use  of  the  design  charts  is  best  illustrated  by  an  example.  First,  it  is 
seen  from  eq.  (27)  that: 


C  K 
o  o 


-  _1 

€  _ 


or: 


C 

C 


CK 
_ o 

Eo  W 


(28) 


e  should  not  exceed  0.4  in  order  for  the  bearing  Co  have  some  load  margin. 

°  CK 

Hence,  the  dimensionless  stiffness  o  should  be  chosen  as  large  as  possible 

W 

in  otder  for  C  not  to  become  too  lsrge  which  would  lead  to  unreasonable  flow 
o 

requirements.  On  the  other  hand,  the  stability  corridor  narrows  down  with 
increasing  outer  film  stiffness  and  eventually  disappears.  Thus,  a  compromise 
is  necessary.  In  the  present  case,  choose  the  largest  dimensionless  stiffness 
value  given  in  the  charts,  namely  CK  /V  *  0.7,  which  means  that  figs.  16  and 

G 


To  operate  in  the  stability  corridor,  set  CtoB  /W 

o 


0.6  for 


19  apply. 

2 

CMrn  /W  *»  1  whereby  the  rotor  will  operate  along  a  straight  line  with  a  slope 
of  2  in  the  chart.  Hence: 


(L 

*  MM 


CcuB  /W 
o 

(Oto2/W)* 


0.6  -  0.6 


(29) 


Let  the  rotor  be  rigid  and  symmetric  with  a  weight  of  200  lbs. 
the  rotor  and  its  two  bearings  are: 


The  data  for 
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C  -  riSr  -  0.003S  inch 

O  JUvJ 


Sine*  C/C  ■  0.0007/0.0035  ■  0.2  <  0.28,  Chic  value  of  C  can  ba  accapead.  Tha 
o  o 

choaan  dlmanalonlaaa  damping  corraaponda  to  a  raatrictor  coafficlant  of: 

-  0.25.  Thua,  from  fig.  22: 

Co*o  -  0.28 

P  L  D 
a  o  o 


CoKo  ■  Co  _W _  CKo  -  0.28 

PLD  C  PLD  V 

a  o  o  a  o  o 


C  V*  \  >  CX  ■ 

p  ■  _2  -V  -■  ^2  _ 2  _1_ 

“  C  L  D  W  0.28 

o  o 

Here:  f  -  -  L  /D  and  \  aha  11  be  ae£  equal  to  1.5.  Thua: 
J  .  o  o 


.  0.0035  100 

l  “  0.0007  3-3.: 


.  1.5  •  4*s  •  °-7  .  !7T5a  *  150  P»*8- 


which  eatabliahea  Che  required  supply  preaaure. 


From  the  definition  of  tha  raatrictor  coefficient: 


\  - 025  *  s  fr,  m, 

Co  1 


na4  -  8  (0.0035)3  -  8.89- IQ"8 

t  3  1. 5*3/3. 5 

Let  the  feeder  hole  have  a  diameter:  d  ■  2a  ■  0.020  inch  and  let  the  number 


of  holes  be:  n  ■  10  whereby: 

i  -  1.125  inch 
Check  the  spacing  factor: 


X  -  1  + 


lo*e 


10-3/3*5 


lo8e  *  HK0.02*  "  1,67 
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which  la  clot*  enough  to  th«  estimated  value  of  l.S.  It  should  be  noted  that  if 
the  obtained  feeder  hole  dimensiona  are  not  acceptable  for  various  reasons,  the 
bearing  can  be  aade  orifice  restricted  instead  or  a  different  Ag- value  can  be 
chosen  which  would  have  little  influence  on  the  selection  of  C  and  Cq.  Going  to 
a  value  of  ■  0.5  would  reduce  the  required  feeder  hole  length  to  j  ■  0.56  inch, 
the  supply  pressure  would  become  Pg  ■  105  psig  whereas  the  outer  film  clearar.ce 
only  would  change  from  0.0035  inch  to  0.0034  inch.  In  other  words,  it  is  very 
important  to  select  the  proper  value  of  the  outer  film  clearance  but  the  bearing 
is  not  too  sensitive  to  even  quite  larger  changes  in  the  other  parameters.  This 
is  quite  readily  deduced  from  eq.  (31)  where,  for  a  given  rotor  weight,  lubricant 
viscosity  and  overall  bearing  dimensions,  the  clearance  CQ  is  pretty  well  defined 
once  it  is  required  that  the  bearing  must  operate  in  the  stable  corridor.  Thus, 
eq.  (31)  can  be  considered  to  be  the  governing  design  equation  with  eq.  (28)  as 
a  necessary  condition. 

From  fig.  26  the  dimensionless  flow  is  found  to  be  0.2.  Hence,  the  flow  becomes: 

3 

Q  “  *  V  .  0.2  »  150-(0.0035)^  -  ,  0.2  «  27.2  inch8  ■  7.1  gpm 

3uX{2  3-3.85* 10"*. l. 5-3/3. 5  “ec 

This  is  seen  to  be  20  times  the  flow  required  for  the  three  lobe  bearing  for  the 
sasM  application.  However,  whereas  the  thzee  lobe  bearing  becomes  unstable  at 
18,000  rpm,  the  hydrodynamic- hydrostatic  bearing  is  stable  to  much  higher  speeds. 

The  actual  stiffness  of  the  hydrostatic  bearing  is  calculated  to  be: 

150>3*3  3 

Ko  "  0.0035  ’  0,28  “  126»000  Ibs/inch 

The  damping  coefficient  becomes: 

>  „  3.85-10“8-3-3.5  (  1.75  \2  -4.0  -  116  lbs. sec 

o  0.0035  ’  l 0.0035  /  inch 


Assuming  a  linear  load-displacement  relationship,  the  eccentricity  ratio  becomes: 


co  “  C  K  “  0.0035-126000  ■  0,227 

o  o 

which  la  considerably  less  than  0.4.  Hence,  the  bearing  should  be  able  to  with¬ 
stand  dynamic  loads  of  at  least  the  same  magnitude  as  the  static  load. 


From  Table  3,  the  stability  mass  parameter  of  the  inner  film  ia  found  to  be 
approximately  equal  to  6  with  a  whirl  frequency  ratio  of  0.5.  How,  the  onset 
of  instability  can  be  likened  to  a  resonance  where: 

2 

v  •  *eff 
M 

where  Ke^  represents  the  effective  stiffness  of  the  inner  flip.  Hence: 


2  2 

_  „2lt  CMa> 

K  ,,  -  V  M  -  (— )  — - 

eff  or  W 


.  |  -  (0.5)2 


100 


-  214,000  lbs/ inch 


0.0007 

The  ring  has  an  inner  diameter  of  3  Inches  and  an  outer  diameter  of  3.5  inches. 
Hence,  its  mass  is: 


<3.52  -  32  )  •  3  •  0.283  -  2.17  lbs  -  0.0056  lbs'sec2/inch 


The  natural  frequency  of  the  ring  is: 


i/214.000  +  126.000  _ _  radians  _ _ 

V — o7oo56 - —  “  7«800  —TTc - 75»°°0  rpm 


With  an  estimated  instability  frequency  ratio  of  0.5,  the  ring  may  become  un¬ 
stable  at  150,000  rpm.  This,  then  should  be  considered  the  top  speed  of  the 
rotor  to  be  on  the  safe  side. 


Making  use  of  Table  3,  the  ftiction  power  loss  of  the  bearing  can  be  computed: 


Rotor  Speed 


rpm 

e 

S 

20,000 

4,200 

5.35 

40,000 

8,300 

10.7 

60,000 

12,500 

16.1 

80,000 

16,700 

21.4 

Power  Loss 
HP 

9.7 

64.4 

195 

432 
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/ 


Thus,  even  if  the  bearing  la  stable  up  to  at  least  150,000  rpm,  the  power  loss 
becoaes  prohibitive  at  half  that  speed  because  of  turbulence  in  the  film. 

Xa  summary,  the  calculated  bearing  dimensions  and  the  bearing  performance  data  are 


journal  diameter: 
outer  diameter  of  ring: 
bearing  length: 

radial  clearance  of  inner  film: 

radial  clearance  of  outer  film: 

number  of  feeder  holes  for  hydrostatic  bearing: 

feeder  hole  diameter: 

feeder  hole  length: 

supply  pressure  for  hydrostatic  bearing: 
bearing  flow: 

maximum  stable  speed  (conservative  estimate): 
friction  power  loss:  at  70,000  rpm 

at  40,000  rpm 
at  60,000  rpm 
at  80,000  rpm 


0  •  3  inch 

D  *  3.5  inch 
o 

L  ■  3  inch 

C  -  0.0007  inch 

C  -  0.0035  inch 
o 

n  •  10 

d  *  0.020  inch 
/  •  1.25  inch 
Pg  -  150  psig 
Q  -  7.1  gpm 
150,000  rpm 
9.7  HP 
64.4  HP 
195  HP 
432  HP 
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THE  HYBRID-HYUtOSTATIC  RING  BKAMKG 

The  bearing  Is  shown  schematically  la  figure  3.  It  differs  from  the  previously 
considered  hydrodynamic-hydrostatic  ring  bearing  by  employing  a  gaa  aa  a 
lubricant  instead  of  a  liquid.  Furthermore,  both  the  inner  and  the  outer  film 
are  pressurised  thereby  enhancing  the  load  carrying  capacity  which  would  other¬ 
wise  be  rather  limited  with  gas  as  a  lubricant.  The  ring  separating  the  inner 
and  the  outer  film,  is  restrained  from  rotating  but  is  otherwise  free  too 
follow  the  motions  of  the  journal.  Aa  shown  in  fig.  3,  the  inner  film  is 
supplied  with  pressurised  gas  through  feeder  holes  in  the  centerplane  of  the 
ring.  The  load  carrying  capacity  of  the  inner  film  is  then  produced  by  both 
hydrostatic  and  hydrodynamic  action  which  is  itnown  as  a  hybrid  bearing.  The 
outer  film  is  purely  hydrostatic  and,  as  shown  in  fig.  3,  consists  of  two 
bearings  supplied  with  pressurised  gas  through  feeder  holes  in  a  central  plane. 
The  ends  of  the  bearings  are  vented  to  atmosphere.  Figure  3  is  only  intended 
to  show  one  possible  arrangement  and  other  designs  would  be  possible. 

The  major  objective  of  this  type  of  bearing  design  is  to  improve  the  stability 
limit  of  the  bearing.  Furthermore,  the  bearing  offers  the  advantage  of  being 
able  to  accommodate  a  larger  amount  of  misalignment  than  more  conventional 
bearing  types. 

The  analysis  of  the  bearing  is  given  in  Appendices  V  and  VI.  Furthermore,  a 
computer  program  for  calculating  the  bearing  has  been  written,  and  the 
instructions  for  using  the  program  and  a  listing  of  the  program  are  given 
in  Appendix  VIII. 

The  stability  characteristics  of  the  bearing  are  given  by  the  charts  in  figs. 

27  to  44.  Three  values  of  tne  supply  pressure  for  the  inner  film  have  been 
considered: 

P 

~  *2,5  and  10 


-25' 


■ : 

■UiJUdU^m 


whsre: 


P#  ■  supply  prsssurs  for  Inner  film,  psia 
F(  ■  ambient  pressure,  psia 

furthermore,  three  values  of  the  stiffness  of  the  outer  film  are  considered.  In 
dimensionless  form: 


■P.)LD 


-  0.24,  0.18  and  0.09 


where: 

D  ■  journal  diameter,  inch 

L  ■  bearing  length,  inch 

C  ■  radial  clearance  of  inner  film,  inch 

K  ■  stiffness  of  outer  film,  lbs /inch 
o 

Curves  are  given  for  7  values  of  the  compressibility  number  A: 

A"  (c  /  "  °*3»  l»  2*  5*  10»  30  “d  100 


where: 

2 

(i  ■  gas  viscosity,  lbs'sec/inch 

a>  m  angular  speed  of  journal,  radians/sec 


(33) 


(34) 


The  charts,  figs.  27,  29,  31  —  43,  give  the  value  of  the  stability  mass  para¬ 


meter: 

Stability  Mass  Parameter: 


CHo 


<VP.)LD 


(35) 


as  a  function  of  the  dimensionless  damping  of  the  outer  film: 


QcB 
_ o 

P  ID 

a 


(36) 


where: 

2 

M  ■  journal  mass  (half  the  rotor  mass),  lbs* sec  /inch 
B  *  damping  coefficient  of  outer  film,  lbs*sec/inch 
As  in  the  case  of  the  hydrodynamic-hydrostatic  ring  bearing,  it  is  seen  that  for 
a  certain  range  of  the  outer  film  damping  the  bearing  is  inherently  stable.  The 
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objective  when  designing  the  bearing  is  to  select  the  beating  dimensions  such 
that  the  bearing  operates  in  the  "stability  corridor"  established  by  the 
charts. 

The  charts,  figs.  28,  30,  37, — 44,  give  the  whirl  frequency  ratio: 

Uhlrl  frequency  ratio:  *  (37) 

CD 

as  a  function  of  the  stability  mass  parameter.  Here: 

v  “  whirl  frequency  at  onset  of  instability,  radians /sec 
These  charts  are  used  in  calculating  the  stiffness  and  damping  of  the  outer 
film  as  discussed  later. 


All  the  charts,  figs.  27  to  44,  are  based  on  the  following  data: 

length-to-dianeter  ratio:  L  ■  1 

0 

restrictor  coefficient:  A  ■  0.7 

s 

Inherent  compensation  factor:  5  “  1000 
spacing  factor:  \  «  1.5 
eccentricity  ratio:  e  ■  0.02 

For  Aj  ■  0.7,  the  bearing  is  optimized  with  respect  to  the  hydrostatic  stiffness 
The  bearing  is  inherently  compensated  (i.e.  there  are  no  orifices)  to  eliminate 
the  possibility  6f  pneumatic  hammer  instability.  The  journal  is  assumed  to 
operate  essentially  in  its  concentric  position  but  since  the  load  is  reason¬ 
ably  linear  with  displacement,  the  charts  should  be  valid  up  to  an  eccentricity 
ratio  of  approximately  0.4  which  covers  the  acceptable  design  range. 


Figures  45  to  52  give  the  dimensionless  stiffness  and  dimensionless  damping 
of  the  hydrostatic  outer  film  in  the  form: 


Dimensionless  Stiffness: 


(P  -P  )  L  D 
s  a  o  o  o 


(38) 


Dimensionless  Danping: 


(39) 


(Hot*:  In  the  cherts,  subscript  "o"  has  been  left  out). 
The  ebcissa  in  the  cherts  is  the  Squeexe  number  o: 

Squeexe  Humber:  0  *» 


(40) 


The  symbols  are: 

D  -  outer  diameter  of  ring,  inch 
o 

K  -  outer  radius  of  ring,  inch 
o 

L  -  length  of  outer  bearing,  inch 
o 

C  «  redial  clearance  of  outer  film,  inch 
o 

(P^)o  -  supply  pressure  for  outer  film,  psia 

(P  )  -  ambient  pressure  for  outer  film,  psia 

^  2 
U  -  gas  viscosity,  lbs'sec/inch 

v  •  vibratory  frequency,  radians /sec 

Ko  -  spring  coefficient  of  outer  film,  lbs /inch 

Bq  -  damping  coefficient  of  outer  film,  lbs 'sec /inch 

The  charts  are  valid  for  a  single  admission  plane  of  feeder  holes  in  the  center- 

plane  of  the  bearing.  The  feeder  holes  are  inherently  compensated  (6-1000)  to 

avoid  pneumatic  hammer  and  the  spacing  factor  is  X*1.5.  The  length-to-diameter 

ratio  is  0.4  and  four  supply  pressure  ratios  have  been  considered:  P  /P  -1.25, 

2,  5  and  10.  A  vide  range  of  the  restrictor  coefficient  is  covered: 

A^-0.01,  0.02,  0.05,  0.1,  0.2,  0.5  and  1.  The  restrictor  coefficient  is  defined 

as: 


Ag  -  ^  T~  (inherent  compensation) 

so  o 

where : 

n  -  number  of  feeder  holes 

d  -  feeder  hole  diameter,  inch 

R  -  gas  constant,  inch^/sec^  °R 

o 

X  ■  total  temperature,  R 


(41) 


The  gas 
53: 


flow  of  the  outer  film  is  given  in  dimensionless  form  in  the  chart,  fig. 


jo 

2  3 

*P  C  D 
so  o  o 


(42) 
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where: 

M  •  mate  flow,  lbs •sec/inch 

The  chert  Is  actually  valid  for  all  length-to-dlsmeter  ratios,  for  both  single 
and  double  plane  admission,  and  for  both  orifice  restriction  and  inherent 
compensation.  Hence,  ^o  is  replaced  by  ^  the  restrictor  coefficient 

Do  D 

is  given  in  its  general  form  (see  AppendixV). 

The  use  of  the  charts  is  best  illustrated  by  an  example.  The  or  is  assumed 
to  be  rigid  and  symmetric  and  it  weighs:  90  lbs.  The  given  data  ’-e: 
bearing  load:  W  ■  45  lbs. 

2 

journal  mass:  M  ■  45/386  ■  0.117  lbs ‘sec  /inch 

Journal  diameter:  D  ■  3  ‘inch 

bearing  length:  L  ■  3  inch 

radial  clearance,  inner  film:  C  ■  0.0015  inch 

outer  diameter  of  ring:  Dq  ■  3.75  inch 

length  of  one  outer  bearing:  Lq  ■  1.25  inch 

ambient  pressure:  P  -  14.7  psla 

a  o  -9  2 

gas  viscosity  (air  at  120  F) :  n  -  2.8*10  lbs*sec/inch 

gas  constant  (air):  (R  ■  2.472*10^  inch2 /sec2  °K 

total  temperature:  120  +  460  ■  580 °R 

Hence: 

R.  T  »  1.434*10  inch4" /sec2 

or: 

■  1.198*10^  inch/sec 

2 

The  load  on  the  bearing  is  45  lbs  and  the  bearing  area  is:  L’D  *  3*3  ■  9  inch  . 
The  load  per  square  inch  is  then  5  ps  1  which  requires  that  the  available 
pressure  across  the  bearing  be  at  least  20  psi  and  preferably  more,  i.e.: 


Th«  stability  charts  have  tha  dimensionless  support  stiffness  in  the  form: 
CK0/(P#“*4)IJ>.  The  eccentricity  ratio  of  the  outer  film  is  determined  from  the 
relationship: 

Vo*o  “  W  <43> 

from  which: 


C  K 
o  o 


(P#-Pa)LD 


C  (Ps-?^LD 

c  cr 


(44) 


«0  should  be  small  and  should  not  exceed  0.4.  Thus,  in  order  to  keep  the  clearance 
ratio  around  1,  the  dimensionless  outer  film  stiffness  should  be  chosen  as  large 
aa  possible  and  the  supply  pressure  should  also  be  kept  high.  Choose  the  largest 
value  of  the  dimensionless  support  stiffness  in  the  charts,  namely: 


CK 


(P#-Pa)LD 


Estimate  that  C/C  —  1 
o 


(P  -P  )  «  - 
s  a  c 


0.24 


and  set  0.2  to  get: 

C  W_  1  -  100  Psi 

C  LD  0.24 
o 


(45) 


or: 

Pg  -  120  psia 
which  means: 

P|  120  ~ 

8 

The  stability  charts  to  use  for  this  case  are  then  fig.  33  and  fig.  39.  To 
operate  in  the  stability  corridor  it  is  found  from  the  charts  that  the  dimension¬ 
less  outer  film  damping  should  be: 


2 

CmB  Qto  , 

Q  0  _  m  X 

P  LD  *  2,5  at  (P  -P  )LD 

«  s  a 

For  constant  support  damping,  the  rotor  will  operate  along  a  straight  line  with 
a  slope  of  2  in  the  charts  as  the  speed  increases.  The  corresponding  damping 
can  be  found  from  the  relationship; 


From  figs.  50  to  53  it  Is  seen  that  the  dimensionless  outer  film  damping  will 
be  around  1.  Set: 


Since  there  are  two  outer  film  bearings,  the  damping  per  bearing  is  half  the 
required  damping  given  in  eq.  (46).  The  damping  per  bearing  can  be  expressed 
by  means  of  eq.  (46)  as: 


i.e. 

C  -  1.875  .  10"3  -  0.00085  inch 

°  2.21 

Eq.  (47)  (together  with  eqs.  (44  or  (45)  )  must  be  considered  the  key  design 
equation.  For  a  given  rotor-bearing  system,  the  clearance  of  the  outer  film 
can  only  vary  within  a  very  limited  range  if  the  rotor  is  to  operate  within 
the  stability  corridor.  Hence,  CQ  is  the  critical  design  dimension  whereas 
the  other  design  parameters  can  vary  appreciably  without  having  serious  effects. 
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To  check  Che  estimated  outer  fila  damping,  the  following  relationship  is  readily 

deduced}  . 

2  a2  M?  2 

Qtn  ■  /C_  a  (48) 


72  »2«v'.>(§)! 


Bare: 


A<vv(§); 


_ 0jn.-O4.7i: _ 

(2.8-10-9)  .3-(120-14.7)  (5^3)' 


-  10.21 


whereby: 


Ota2  -  0.142* A2 


(*,_Pa)LD 


Vroa  the  definition  of  A  and  a  (eqs.  (34)  and  (40)  )  it  ia  seen  that: 

•  ■  2«  J  •  A'  (49) 

Making  use  of  these  relationships,  figs.  34  and  40  can  be  employed  to  set  up  the 
following  table: 


CM» 

r  ■ 

V 

1 

r  * 

1 

V 

1 

A 

(Pg-Pg)LD 

0 

CD 

0 

2 

0.567 

0.5 

2.0 

0.5 

2.0 

5 

3.54 

0.202 

2.02 

0.31 

3il 

10 

14.2 

0.105 

2.10 

0.185 

3.7 

30 

128 

0.036 

2.16 

0.075 

4.5 

10( 

1420 

0.0112 

2.24 

0.0245 

4.9 

In  this  table,  —  is  the  Instability  frequency  ratio  obtained  by  interpolation 

between  figs.  34  and  40.  As  seen  from  figs.  33  and  39,  the  stability  corridor 

passes  between  two  regions  of  instability,  and  the  instability  frequency  is 

different  for  the  two  regions  as  shown  by- figs.  34  and  40.  The  left  hand 

region  is  identified  in  figs.  34  and  40  as  the  region  where  B  -**0,  and  the 

0 

right  hand  region  is  identified  as  the  region  where  B  *•'«£>. 

o 


At  the  onset  of  instability,  the  journal  whirls  in  plosed  orbit  with  frequency 
v.  Hence,  v  becomes  the  vibratory  frequency  as  seen  by  the  outer  film  and  the 
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stiffness  and  damping  of  Che  outer  film  must,  therefore,  be  evaluated  at  the 
correapondiog  values  of  the  Squeeze  number  «■  given  in  the  table.  Since  the 
outer  film  decreases  with  increasing  .  squeeze  number  it  is  only  necessary  to 
consider  the  Squeeze  number  corresponding  to  the  left  hand  instability  region 
<Bq-*0)  . 

The  charts,  figs.  33  and  39,  are  based  on  a  dimensionless  support  stiffness  of 
0.24.  Hence: 

{120-14.7) *3*3  . 

Ko  "  - o7o015 -  "  151  * 600  lbs /inch 

Since  there  are  two  bearings,  the  required  stiffness  per  bearing  is: 

«o>^r  bearing  *  75 ■ 800 

Assuming  a  restrictor  coefficient  value  such  that: 

A8{2  -  0.05 

the  dimensionless  stiffness  per  bearing  is  found  by  interpolation  between 
figs.  47  and  48  as  (,0*2.2): 


(P  -PJ  L  D 
s  aro  o  o 


-  0.15 


(P  P  >  .  -  91.6 

s  a'o  1.25*3.75*0.15 


Therefore: 


Pgo  ■  106.3  psia  sr  120  psia 


whereby: 


(r.)  ' 


Thus,  boe.n  films  have  the  same  supply  pressure. 

At  this  calculated  pressure  ratio,  with  A  ■  0.05  and  a  m  2.2  the  dimenaion- 

8  i 

less  damping  per  bearing  is  found  from  figs.  51  and  52  to  be  equal  to  the 
earlier  assumed  value  of  1.  Hence,  the  assumed  value  of  A  “  0.05  is  correct. 
Now: 

-  1J25  -  1. 
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(Kota :  avan  if  tha  charts,  figs.  45  to  52,  are  baaed  on  the  dimension- 

less  stiffness  and  damping  are  not  too  sensitive  to  variations  in  ^  *nd  the  charts 

■ay,  therefore,  also  be  used  for  »  1).  Bence: 

*■  3 

\  -  0.05*3  -  0.15 

From  the  definition  of  A#  in  eq.  (41): 


F  C  ‘A 

od  ,  -as.  ?  JL 
°°  6|x  f3Cr 


1204 (0.00085)  •  0.15 
6*2.8*10"9-1.198-104 


-  0.0646  inch 


whereby: 


d  ■  0.0065  inch 
o 


the  spaclngfactor  becomes: 


>-ml  +  h  -3-4 

n  »7  *  a  n 


which  is  higher  than  the  value  of  1.5  for  which  the  charts  are  valid.  This,  how¬ 
ever,  has  only  very  minor  Influence  on  the  damping  but  the  stiffness  is  somewhat 
reduced.  On  the  other  hand,  che  supply  pressure  has  been  set  14  psi  larger  than 
actually  required  which  should  offset  the  reduction  due  to  the  spacing  factor. 


Sven  so,  the  calculated  feeder  hole  diameter  is  small  and  should  preferably  be 
larger  (0.01  to  0.02  Inches)  although  the  obtained  value  can  be  used  as  is. 


The  mass  of  the  ring  is: 

|  (3.752  -  3.02)  ’3*0, 283  -  3.38  lbs  -  0.0087SL'  lbs 'sec2 /inch 
If  the  ring  was  rigidly  supported,  figs.  33  and  39  give: 


at  B  -«0  : 

o 


(P  -PJLD 
a  a 


The  corresponding  frequency  ratio  is:  —  ■  0.5.  Define  an  effective  stiffness 
of  the  inner  film  by: 

v2  -  Keff 


<V?a)LD 


■§)  WTJld  ■  •  °-35 
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whereby 


*.ff  -  'C1?0T301S'2J~~'3  -0-35  '  221,000  Ib./lMh 

With  e  totel  outer  film  stiffness  of:  K  ■  151,600  Ibe/ioch,  the  neturel 

o 

frequency  of  the  ring  is: 

Neturel  frequency  of  ring?  /^0  *00875  6,530  rediens/eec  • 

62,400  rpm 

Assuming  an  instebllity  frequency  ratio  of  0.5,  the  ring  may  become  unstable  by 
itself  at  125,000  rpm.  This  is  a  conservative  estimate  but  to  be  safe,  this 
speed  should  be  considered  the  maximum  speed  for  the  bearing. 


With  /^2  *  0.05,  the  dimensionless  flow  for  the  outer  film  is  found  from 
fig.  53  to  be  0.034.  Hence,  the  flow  per  bearing  becomes: 

S  .  «-(120)2-(0.0008S)3 -  .0.034  .  lbiaf£  .  4.52-10-*  lb“ 


6*2.8* 10”9*1.434*108*0. 33 


inch 


tec 


«  0.33  acfm 

For  the  two  outer  bearings,  the  flow  is  0.0009  lbs/sec  -  0.66  scfnu 

For  the  inner  film,  Ag^  “  0.7.  Since’l^  »  l,’Aj  "  0.7  or: 

-d  .  -  ,  0.7  .  0.938 

6*2.8*10  *1.198*  U» 

Set  n  ■  12  whereby: 

d  -  0.076  inch 

The  corresponding  spacing  factor  is:  X  •  1.22  which  is  close  to  the  value  of 
X  *■  1.5  on  which  the  charts  are  based; 


The  dimensionless  flow  for  the  Inner  film  is  determined  from  fig.  53  to  be 

..q-5  lbs_sec  ^  n  ee.m*7  lbs 


0.39.  Hence,  the  flow  becomes: 
—  .  X»a20)2.(0.0015)3 

6*2. 8*10"9*1. 434*10® 


.0.39  -  2.475*10 


.  .  -  9.55*10  7.1  scfm 

inch  sec 


The  calculated  bearing  dimensions  and  performance  data  are  summarized  below: 
total  rotor  weight:  2W  ■  90  lbs. 

journal  diameter:  0*3  inch 


outer  diameter  of  ring: 

length  of  ring: 

length  of  one  outer  bearing: 

radial  clearance  of  inner  film: 

radial  clearance  of  outer  film: 

number  of  feeder  holea  for  inner  film: 

diameter  of  feeder  holes  for  inner  film: 

number  of  feeder  holes  for  one  outer  bearing: 

diameter  of  feeder  holes  for  outer  bearing: 

supply  pressure  for  both  films: 

flow  for  inner  film: 

flow  for  two  outer  bearings: 

maximum  stable  speed  (conservative  estimate): 


D  -  3.75  inch 
o 

L  ■  3  inch 

Lq  "  1.25  inch  . 

C  -  0.0015  inch 

C  -  0.00085  inch 
o 

n  -  12 

d  ■  0.076  inch 

n  -  10 
o 

d  ■  0.0065  inch 
o 

»  120  psia 

7.1  scfm 

0.66  scfm 

125,000  rpm 
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3  LOBE  3KARIBG.  VERTICAL  ROTOR 


1.1 

D  2 


Preload 

5  ». 

1  h 

c  sw 

0, 

NDLC 

<>x 

NDLC 

_v 

u 

0 

18.04 

.0812 

4.345 

.4978 

2000 

44.55 

.0892 

4.351 

.4983 

0.1 

10000 

133.8 

.0946 

4.355 

.4986 

30000 

306.3 

.0964 

4.357 

.4987 

0 

21.11 

.1994 

3.787 

.4935 

0.25 

2000 

47.48 

.2185 

3.803 

.4952 

10000 

139.6 

.2331 

3.814 

.4962 

30000 

317.7 

.2381 

3.818 

.4965 

0 

24.66 

.2933 

3.313 

.4886 

2000 

50.77 

.3207 

3.337 

.4918 

0.375 

10000 

145.8 

.3445 

3.357 

.4938 

30000 

329.7 

.3528 

3.363 

.4944 

0 

29.74 

.3810 

2.828 

.4817 

2000 

55.38 

.4154 

2.860 

.4869 

0.5 

10000 

154.0 

.4502 

2.890 

.4909 

30000 

345.2 

.4628 

2.900 

.4921 

0 

41.48 

.4817 

2.156 

.4673 

0.6667 

2000 

66.00 

.5223 

2.198 

.4762 

10000 

170.72 

.5769 

2.243 

.4861 

30000 

376.2 

.5984 

2.261 

.4891 

0 

52.27 

.5198 

1.807 

.4560 

0.75 

2000 

75.92 

.5617 

1.849 

.4667 

10000 

189.6 

.6301 

1.904 

.4832 

30000 

401.0 

.6585 

1.926 

.4883 

ex 

XX 

CK^ 

CwB 

XX 

CuB 

SW 

SW 

SW 

SW 

CMN 

aCw 

-  CKyr 

CuB 

_CuByx 

UDL(fi» 

SW 

SW 

_ H 

SW 

SW 

.01503 

.1499 

1.585 

3.184 

-.00577 

.02122 

.2150 

2.536 

5.090 

-.0139 

.04833 

.4893 

6.179 

12.39 

-.0300 

.1011 

1.027 

13.24 

26.56 

-.0678 

.07009 

.6783 

2.542 

5.152 

-.00912 

.09369 

.9174 

3.815 

7.703 

-.0207 

.2039 

2.004 

8.983 

18.10 

-.0432 

.4206 

4.143 

18.96 

38.18 

-.0992 

.1935 

1.832 

3.986 

8.159 

-.0171 

.2464 

2.367 

5.732 

11.66 

-.0307 

.5111 

4.952 

17.98 

26.28 

-.0635 

1.038 

10.08 

27.11 

54.84 

-.1413 

.5339 

4.905 

6.912 

14.35 

-.0301 

.6456 

6.067 

9.391 

19.29 

-.0497 

1.258 

12.02 

20.22 

41.19 

-.1015 

2.501 

24.01 

41.66 

84.65 

-.2183 

2.521 

21.78 

17.61 

37.69 

-.1025 

2.836 

25.44 

22.29 

46.80 

-.1032 

4.876 

45.61 

44.57 

91.68 

-.2331 

9.264 

87.73 

88.79 

181.5 

-.4849 

6.646 

54.63 

32.89 

72.13 

-.1817 

7.198 

62.01 

40.07 

85.86 

-.2182 

11.27 

104.1 

76.51 

158.3 

-.4248 

20.58 

194.2 

150.1 

307.5 

-.8336 

WI-5U4 


I 


TABU  1  {Continued} 


3  LOBE  BKARIHC.  VERTICAL  ROTOR 


Preload 

t 

\ 

-  h 

c  sv 

0. 

KDLC 

NDLC 

V 

u 

CMN 

UDL<§) 

CX 

XX 

SV 

cx 

— jry 
sv 

CX 

SV 

_c*yx 

SW 

CuB _  CuB 

XX  XV 

SV  SV 

CuB  CuB 

_ 231  ~ _ 2* 

SV  SV 

0 

18.04 

.0434 

4.318 

.4968 

.02665 

.2584 

3.343 

6.729  .00256 

2000 

44.55 

.0500 

4.323 

.4976 

.03991 

.3912 

5.788 

11.63  -.00230 

0.1 

10000 

133.8 

.0549 

4.326 

.4979 

.09622 

.9486 

14.89 

29.90  -.0141 

30000 

306.3 

.0567 

4.328 

.4980 

.2059 

2.035 

32.47 

65.21  -.0389 

0 

21.12 

.1054 

3.718 

.4908 

.1230 

1.171 

5.194 

10.58  -.00222 

0.25 

2000 

47.50 

.1209 

3.730 

.4930 

.1732 

1.667 

8.496 

17.23  -.00881 

10000 

139.7 

.1338 

3.740 

.4942 

.4003 

3.875 

21.20 

42.90  -.03069 

30000 

317.8 

.1386 

3.744 

.4945 

.8447 

8.186 

45.79 

92.59  -.0619 

0 

24.67 

.1533 

3.207 

.4840 

.3358 

3.110 

7.985 

16.50  -.0115 

2000 

50.84 

.1747 

3.226 

.4882 

.4469 

4.214 

12.35 

25.29  -.0200 

0.375 

10000 

146.0 

.1953 

3.242 

.4906 

.9847 

9.381 

29.92 

60.99  -.0477 

30000 

330.1 

.2031 

3.248 

.4913 

2.054 

19.63 

04.01 

130.3  -.1217 

0 

29.85 

.1960 

2.682 

.4747 

.9105 

8.112 

13.22 

27.85  -.02706 

0.5 

2000 

55.57 

.2219 

2.708 

.4816 

1.140 

10.45 

19.37 

40.23  -.0374 

10000 

154.4 

.2512 

2.731 

.4866 

2.362 

22.13 

45.23 

92.96  -.0968 

30000 

346.2 

.2628 

2.740 

.4880 

4.833 

45.54 

95.89 

196.5  -.1957 

0 

41.89 

.2405 

1.954 

.4560 

4.141 

34.01 

31.05 

68.09  -.0670 

2000 

66.61 

.2691 

1.985 

.4676 

4.741 

40.96 

41.92 

89.65  -.0839 

0.6667 

10000 

172.2 

.3122 

2.017 

.4807 

8.586 

78.42 

92.94 

193.3  -.1821 

30000 

379.5 

.3308 

2.031 

.4846 

16.82 

156.1 

193.7 

399.9  -.4056 

0 

53.07 

.2545 

1.576 

.4414 

10.58 

81.38 

54.72 

124.0  -.03635 

0.75 

2000 

77.07 

.2824 

1.605 

.4554 

11.57 

94.80 

71.23 

156.4  -.1660 

10000 

187.4 

.3336 

1.638 

.4776 

18.75 

169.0 

152.7 

319.8  -.3023 

30000 

407.2 

.3573 

1.653 

.4848 

35.18 

326.7 

315.0 

649.7  -.6616 
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TABLE  3 


PLAIN  CYLINDRICAL  BEARING 


0 


2,000 


10,01.0 


30,000 


R  Fj 

™  2 
CMw 

c 

S 

c  w 

W  ~~ 

- 

— 

■“ 

0.0907 

4.778 

94.74 

7.202 

0.1578 

2.654 

53.14 

7.039 

0.2902 

1.278 

26.50 

6.719 

0.4149 

0.7377 

16.19 

6.483 

0.5138 

0.4791 

11.23 

6.701 

0.5995 

0.3198 

8.111 

7.592 

0.6777 

0.2107 

5.884 

10.75 

0.8182 

0.07786 

2.884 

-  ~ 

0.0969 

2.878 

148.7 

6.318 

0.1680 

1.609 

83.47 

6.190 

0.3075 

0.7835 

41.24 

5.968 

0.4366 

0.4610 

24.84 

5.846 

0.5365 

0.3061 

16.97 

6.058 

0.6213 

0.2091 

12.00 

7.222 

0.6977 

0.1415 

8.493 

9.920 

0.8314 

0.05618 

3.899 

—  “ 

0.1013 

1.149 

180.3 

5.785 

0.1756 

0.6440 

101.3 

5.667 

0.3209 

0.3165 

50.26 

5.469 

0.4541 

0.1891 

30.48 

5.381 

0.5560 

0.1277 

20.95 

5.549 

0.6414 

0.08900 

14.91 

6.464 

0.7170 

0.06171 

10.61 

8.053 

0.8470 

0.02595 

4.830 

“  — 

0.1028 

0.5313 

191.5 

5.664 

0.1783 

0.2979 

107.6 

5.493 

0.3257 

0.1469 

53.46 

5.302 

0.4604 

0.08818 

32.52 

5.213 

0.5632 

0.05992 

22.43 

5.357 

0.6492 

0.04204 

16.02 

6.183 

0.7243 

0.02941 

11.45 

7.458 

0.8532 

0.01269 

5.270 

- 

R  Ff 

CMui2 

e 

S 

r  w 

~U~~ 

- 

— 

— — — — 

0.0964 

1.353 

26.88 

6.418 

0.1672 

0.7594 

15.29 

6.381 

0.3068 

0.3757 

7.937 

6.300 

0.4366 

0.2267 

5.168 

6.368 

0.5379 

0.1549 

3.850 

6.767 

0.6246 

0.1095 

3,009 

7.698 

0.7017 

0.07730 

2.388 

10.41 

0.8365 

0.03433 

1.466 

•  * 

0.1019 

0.7948 

41.13 

5.716 

0.1766 

0.4458 

23.21 

5.639 

0.3230 

0.2202 

11.72 

5.439 

0.4578 

0.1327 

7.331 

5.305 

0.5617 

0.09076 

5.238 

5.473 

0.6495 

0.06441 

3.921 

6.158 

0.7266 

0.04583 

2.982 

7.780 

0.8562 

0.02139 

1.699 

—  * 

0.1058 

0.3133 

49.20 

5.288 

0.1833 

0.1759 

27.75 

5.197 

0.3346 

0.08720 

13.98 

4.952 

0.4727 

0.05279 

8.684 

4.714 

0.5780 

0.03624 

0.146 

4.532 

0.6662 

0.02579 

4.535 

4.676 

0.7430 

0.01836 

3.377 

5.031 

0.8714 

0.00851 

1.791 

*“  * 

0.1072 

0.1442 

51.98 

5.144 

0.1857 

0.08102 

29.33 

5.056 

0.3388 

0.04021 

14.77 

4.799 

0.4781 

0.02441 

9.174 

4.543 

0.5840 

0.01679 

6.486 

4.369 

0.6723 

0.01197 

4.777 

4.314 

0  .  7488 

0.008535 

3.544 

4.271 

0.8764 

0.003933 

1.839 

4.648 

rti 


IT 


R  =  JOURNAL  RADIUS 
C  *  RADIAL  CLEARANCE 

PRELOAD :  8  =  £ 


GROOVE 


mi-iou 


Figure  2,  The  Hydrodyromic -Hydrostatic  Ring  Bearing,  Schematic 
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Figure  13.  3  Lobe  Bearing,  Preload  -  0.5,  -  =»  1,  Minimum  Film  Thickness 
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Figure  20.  Hydrodynamic -Hydrostatic  Ring  Bearing,  R  -  30,000,  -  0.4,  Stability  Map 
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Figure  23.  Hydrostatic  Bearing,  Incompressible,  Double  Plane  Admission, Stiffness 
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RESTRICTOR  COEFFICIENT  A,  (INCOMPRESSIBLE) 
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Figure  30.  Hybrid -Hydrostatic  Ring  Bearing,  y-  -  2,  Vp  ".|  m  -  0.18,  Instability  Frequency 
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Figure  31.  Hybrid -Hydrostatic  Ring  Bearing,  —  ■*  2,  .p  -  0.09,  Stability  Map 
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Figure  32.  Hybrid-Hydrostatic  Ring  Bearing 
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Figure  33.  Hybrid -Hydrostatic  Ring  Bearing,  —  «  5,  (p  _p  jjj)  “  °*24»  Stability  Map 


Figure  34.  Hybrid -Hydrostatic  ting  Bearing,  -  5,  fr'  ".p  ^  “  0.24,  Instability  Frequency 
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Figure  36.  Hybrid -Hydro,  tatic  Eing  Bearing,  -  5,  ^p— J  )jj)'  -  0.18,  Instability  Frequency 
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Figure  37.  Hybrid -Hydrostatic  ting  Bearing,  “  -  5,  (P'  7p  *  0.09,  Stability  Map 
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figure  38.  Hybrid -Hydrostatic  Ring  Bearing,  jf  -  5,  ^  .p  )ld  •  0.09,  Instability  frequency 
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Figure  39.  Hybrid -Hydrostatic  Eing  Bearing,  —  -  10,  (P  ■  0.24,  Stability  Map 
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Figure  40.  Hybrid-Hydroatatlc  Ring  Bearing,  f- -  10,  y^g  -  0.24,  Inatability  Frequency 


Figure  41.  Hybrid -Hydrostatic  Ring  Bearing,  —  -  10,  _g  -  0.18,  Stability  Map 
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Figure  42.  Hybrid -Hydrostatic  Ring  Bearing,  ^  -  10,  )Lp  -  O.ie,  Instability  Frequency 
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Figure  43.  Hybrid -Hydrostatic  Ring  Bearing,  ~  -  10,  - -  0.09,  Stability  Map 
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Figure  44.  Hybrid -Hydrostatic  Ring  Bearing 


Figure  45.  Hydrostatic  Bearing,  Compress ible,  p-*  ■  1.25,  Stiffness 
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Figure  46.  Hydrostatic  Bearing, Compressible,  =*•  -  2,  Stiffness 
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Figure  47.  Hydrostatic  Bearing,  Compressible,  ~  -  5,  Stiffness 
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Figure  49.  Hydrostatic  Bearing,  Compressible,  =—  ■  1.25,  Duping 
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Figure  50.  Hydrostatic  Bearing,  Compressible 


Figure  51.  Hydrostatic  Bearing,  Compressible,  -  5,  Duping 
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APPENDIX  I •  The  Static  and  Dynamic  Performance  of  a  Partial  Arc  Bearing  with 
Turbulent  Film 


To  calculate  tba  load  carrying  capacity,  tha  friction,  the  flow  and  tha  dynamic 
coefficients  of  a  turbulent  lubricant  film  it  la  necessary  to  solve  Reynolds 
equation.  This  is  done  numerically  as  described  in  this  appendix. 

In  a  turbulent  lubricant  film  Reynolds  equation  is  given  by  (see  reference  1) : 


Afr  Hit 


(A-l) 


where  P  is  the  film  pressure,  ^  is  Che  lubricant  viscosity, R  is  the  journal 
radius,  CO  is  tha  angular  speed  of  the  journal,  O  is  the  angular  coordinate, 
(see  fig.  54  )t  is  the  axial  coordinate,  t  is  time,  and  are  turbulent 

flow  coefficients  and  h  is  the  local  film  •  thickness: 


*  C  -*■  e-coso  (a-2) 

Here,  C  is  the  radial  clearance  (the  difference  between  the  radius  of  curvature 
of  the  bearing  surface,  and  the  radius  of  the  journal,  see  fig.  54)  and  t 
is  tha  eccentricity  (tha  distance  between  tha  journal  center  and  the  center  of 
curvature  of  the  bearing) . 


Reynolds  equation,  eq.  (A-l),  is  made  dimensionless  by  setting: 


R  (A~3) 

T=  COt  (A-4) 

h-^  ~  he  case  (a-5) 

|  ,  (a-6) 

P  i  P 

=  iirs  W/LD  <A~7> 
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where  W  1*  the  load  carried  by  ttia  bearing,  L  ie  the  bearing  length,  D 
la  the  Journal  diameter  and: 

Number  :  5 =  (A-8) 

(S  la  the  journal  epeed  in  rpe,  l.e.  (os2TN ) 

Subatltutlng  eqe.  (A- 3)  to  (A- 7)  Into  eq.  (A-l)  yield*  Reynold*  equation  in  dimen- 
alonleee  font: 


(A-9) 


The  dimensionless  turbulent  flow  coefficient*  end  are  functlona  of  the  local 
Reynolds  nuaber  R.  : 

*  h  Re  (A-10) 


where: 


Raynolda  Number:  j?#  - 

r 

j  la  the  aasa  density  of  the  lubricant. 


(A-ll) 


The  actual  functional  relatlonshlpa  between  G^,  G^  and  are  given  in  reference  1. 

When  comparing  with  ref.  1,  however,  it  should  be  noted  that  G  and  G  as  used  in 

X  z 

the  present  analysis  are  larger  than  the  values  given  in  ref.  1  by  a  factor  of  12 
Such  that  for  laminar  flow  (R^  ■  -  0),  G^  and  Gz  are  equal  to  unity  rather  than 

1/12  as  in  ref.  1. 


From  eq.  (A-10)  it  is  seen,  that  for  a  given  Reynolds  number  R  ,  G  and  G  are 

OX  z 

functions  of  8  only  (since  they  are  functions  of  h)  and  do  not  depend  on  the 
axial  coordinate  £ 
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B«£ora  solving  sq.  (A-9)  it  is  convsnisnC 
Chs  nsw  vsrisblss: 


MX 

H  =  h*<£ 


y*  PH  =  P^C 


to  givs  ic  another  form.  Introducs 

(A-12) 

CA-13) 

CA-14) 


whereby  sq.  (A-9)  can  bs  writCan: 


(A-15) 


Assume  that  Che  journal  operaCea  under  sCaCic  condiCions  with  an  eccenCriciCy 
ratio  £#  and  an  accicude  angle  (fi  where,  in  Che  present  analysis,  the  attitude 
angle  (p  is  the  angle  from  a  fixed  x-axis  to  the  line  connecting  the  center  of 
the  bearing  with  the  center  of  the  journal: 


Figure  54:  Geometry  of  Partial  Arc  Bearing 


Tbs  static  equilibrium  position  (  )  is  perturbed  by  giving  the  journal  center 

a  small  amplitude  motion  with  amplitudes  (  £,  t  (jj>,  )  and  corresponding  velocities 

(  C|  /  ^  )  where  "dot"  refers  to  */t  I  .  Hence,  the  instantaneous  position  of  the 

journal  center  is  defined  by: 


(A-16) 


where  E|  ^  €t  and  (p(  .  This  motion  causes  similar  perturbations 

in  the  film  pressure  and  the  film  thickness  such  that: 


fo  <p,  % 


(A-17) 


H  =  H#  +  c,  H, + H»  (a-18) 

(a-19) 

h  •  l+ti(ose+e,cose+ e0fisfoe  ~  h0+ e, case +e>f,  sine  (A-20) 

Substitution  of  eqs.  (A-17)  to  (A-20)  into  eq.  (A-15)  yields  5  equations  to  determln< 
the  static  pressure  and  its  four  perturbation  components: 


i»  +  r  £s&-  I  -  1  4i>-  -  iziaSe 

J? +  S  Jf  B.  3?  W  '  H,  de  •  H,  *• 

0*^  -*&«  «~lt  S) 

Hb+C  !l£2SS 

(Je1  **•  N,  a©*  %  h. 


(A-21) 

(A-22) 

(A-23) 

(A-24) 


% 
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(A-25) 


A 

4e* 


liiiofi 

H. 


Comparing  eqa.  (A-21)  and  (A-25),  it  ia  a can  that: 

Y.  = 


(A-26) 


Tha  boundary  conditiona  ara  that  tha  praaaura  ia  aabiant  (i.a.  zero)  along  the 
pariphari  of  tha  film.  Hence,  at  tha  aides  of  the  bearing,  P  -  0  or: 

j;-ik  Y=0 

Sinca  thara  ia  symmetry  with  respect  to  £  —  0  ,  this  condition  can  also  be 

written: 


ifJ5  :  V'O 

••• 

(A-27) 

L-JLl  <f*0 

•  •  df  ■  if  *  aj  ■  45  * 

ft  -0  (A-28) 

If  the  film  is  complete  over  the  entire  bearing  surface,  the  two  remaining  boundary 
conditions  are  that  the  pressure  is  zaro  at  tha  leading  edge  and  at  the  trailing 
edge  of  the  bearing  arc: 


0  »9. 


0=  01 


: 


(A-29) 


On  the  other  hand,  the  flla  la  frequently  not  complete.  If  any  portion  of  the 
bearing  arc  la  in  the  diverging  part  of  the  film  (i.e.  180  <8  360,  see  fig. 

A-l) ,  Reynolds  aquation  predicts  subambient  film  pressures  in  this  region.  These 
aubamblent  pressures  cannot,  in  general,  exist  unlsss  the  bearing  is  submerged 
completely  in  its  own  lubricant.  Instead,  the  film  contracts  such  that  it  does 
not  taka  up  the  full  length  of  the  bearing,  and  the  pressure  in  the  contracted 
flla  is  aero.  This  is  called  film  rupture.  On  the  boundary  between  the  complete 
film  and  the  contracted  film,  the  pressure  is  zero  (i.e.  eq.  (A-29)  Is  valid 
whan  9|  and  0j  are  adjusted  to  give  the  angular  location  of  the  boundary). 

In  addition,  a  second  condlton  is: 

iL,  1L,0 

do  d\  0 

or  since  TJ/^O  on  the  boundary : 

ii  ii=0 
a®  at  0 

Let  a  point  on  the  boundary  have  the  coordinates  : 


on  free  boundary:  1^(0,$)  s0 


am]  =  <m 


(A-30) 


Under  static  conditions  the  boundary  has  the  coordinates  )•  For  small 

scale  motion  of  the  journal  the  boundary  is  pevturbed  such  that: 

e=  ee+S& 


(A-31) 


where  So  and  S£  are  small  quantities.  This  results  in  a  similar  perturbation 
of  the  pressure  variable  Tjf 


(A-32) 
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Expand  ^  in  a  Taylor  aarlaa  from  a  point  on  tha  boundary: 

VW-tKV+glb+fflq-o 

vhara  terms  of  order  S  have  been  Ignored.  Introduce  eq.  (A-32)  to  get: 


0+  «-o  (*-33) 

With  ***>•  SI.-  Sfl-*  aa  the  given  boundary  condition,  this  aquation 


results  in: 


^lK®e/U*0  (A-34) 

Comparing  eq.  (A-32)  with  eq.  (A-17)  it  is  seen  that: 

WKV  =  kf.+c.VM+t'ik+c.f,  %  ^ 

9  • 

Since  €t  j  <p,  j  e,  *»d  <p,  are  Independent  variables,  each  of  the  four 

pressure  perturbations  must  vanish  independently  on  tha  same  free  boundary  as 
obtained  under  static  conditions.  Hence,  the  complete  boundary  conditions  at  the 
free  boundary  becomes: 


on  "zero  order" 


free  boundary 


(A- 35) 


(A-36) 


Hence,  the  location  of  the  free  boundary  ia  determined  from  tha  solution  of 
(i.e.  the  steady-state  solution).  Once  the  boundary  has  been  established,  the 
perturbations  V„KjV'j  and  %  are  to  be  solved  over  the  same  domain  such 
that  they  vanish  along  the  peripherl  of  the  domain. 

To  determine  the  coordinates  of  the  free  boundary,  substitution  of  eq.  (A- 35)  into 
eq.  (A-21)  yields: 
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(A-37) 


on  tr—  boundary: 


Lot  the  fro*  boundary  hava  tha  coordlnataa  (  ey  f  )  where  0  is  consldsrsd  a 
function  of  ^  : 


Tbs  Inward  dlrsctod  normal  to  tha  boundary  la  h  .  Sines  all  derivatives  along  the 
boundary  ara  taro,  Tjj  can  ba  expanded  in  a  Taylor  ssrlss  from  a  point  'on  tha 
boundary  as: 

?.•  1  (A-38) 


From  tha  abovo  figure: 


(in)1*  dlf  l  +  ]  *  ot(l+ 

By  a  coordinate  transformation,  can  be  found  from  aq.  (A-37)  as: 

tefoM  +  C  S.V15U  ^  & 

c)nx  l  WP  f  ^ S,n  Pi  -  ^et  W  Ut  do 


(A-39) 


(A-40) 


Combining  aqa.  (A-38)  to  (A-40)  yields: 


X  ih,  hu"'P 

H*  do  CaSj6+ 


0*  -ft  =0 


(A-41) 
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or  sine*  hUn'fl  -  • 


3 

H, 


IhiM1 


d*-^rO 


(A-42) 


This  squat  Ion  must  bs  solvsd  togsthsr  with  sq.  (A-21)  as  dsacribsd  Tatar. 


Equations  (A-21)  to  (A-25)  ara  aolvad  by  finita  difference  methods.  A  finita 
differanca  grid  is  introducad  with  i-axia  along  tha  f  -dir action  and  j  -axis 
along  tha  d  -direction: 


Thera  are  n  increments  in  the  J  -direction  such  that  tha  length  of  an 
increment  becomes: 


(A-43) 


In  the  6  -direction,  tha  arc  length  of  tha  bearing  pad  is  subdivided  into  equal 
increments  of  length  A 0 


In  order  to  write  aqs.  (A-21)  to  (A-25)  as  finite  difference  aquations,  consider 
the  grid  point  (i,j): 
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Figure  56:  Finite  Difference  Grid  Lines 
_  Aft  .H  /% 

Here,  « ;  j  and  fij  ere  Introduced  to  teke  into  account  the  location  of 

the  free  boundary.  Hence,  for  nost  points  df*  ~  o l**’-  I  ,  *nd  only 

for  the  j  -  grid  lines  closest  to  ths  boundaries  do  y  df*  or  differ 
fro*  1. 


Kqs.  (A-21)  to  (A-25)  c*u>  be  written  in  the  general  form: 

0 


(A-44) 


where: 


r  i. 

*  "  ~  N»  do* 


(A-45) 


and  where  ^  j  fj  and  ^  are  only  functions  of  d  which  can  be  determined 
by  comparing  eq.  (A-44)  with  any  one  of  eqs.  (A-21)  to  (A-25).  Thus,  ^  =  ^  -0 
for  T-VojVi  W 

Referring  to  fig.  56.  eq.  (A-44)  can  be  written  in  finite  difference  form  as: 


2  2 
+4w(4w«1>i)«r  V'  4  ~ 

Wrjfa  f<tm,  4  *  ^ [j, (VJ,,„  I 


(A-46) 
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Introduce  the  a-dimensional  vector 


(*> 

k  i 


(A-47) 


whereby  eq.  (A-46)  can  be  written  aa: 


Aj  Qj-t  +  fytl  ~  ^ 


(A-48) 


Here,  Fj  la  an  n-dlmensional  vector  whose  n  elements  are  given  by  the  right 
hand  aide  of  eq.  (A-46),  Aj  la  an  nxn  -  matrix,  and  Bj  and  Cj  are 
men  -  diagonal  matrlcea.  Noting  that  Ifoj  -0  and  from  the  given 

boundary  conditions,  the  elements  of  the  matrix  Aj  become  (first  index  gives 
row  number,  second  index  gives  column  number) : 


/*  «  _  ,  _  2  _ 

Wii  "  Mj  ~  p}tf* 

/A  ) - £Sl_ 

(A)  -  ?(Si 

l/VrVH  K 


(A-49) 


>  *  (hfijW* 


All  other  elements  are  zero  such  that  Aj  is  a  trl -diagonal  matrix.  The  elements 
of  the  Bj  -matrix  and  C j  -matrix  are: 


r  )  -  2 

"nr  dPUP-uT)*# 


l±i*n 


1 4  i 


(A-50) 


All  other  elements  ere  zero. 


To  solve  eq.  (A-48)y  define  an  nxn-matrix,  Dj  ,  and  an  n-dinenslcnal  vector  Ej 


such  that: 

<Pj.,  <!>,*£,.,  (A-51) 

Substitution  of  this  expression  into  sq.  (A-48) ,  yields  the  following  recurrence 
rslstionshlps : 

T}  =  -  (Aj  +  Bj  s~GjCj  (A-52) 

Fj=  (Aj  +  djDj)'1  (Fj-1SjEj.,)=  C,J  (Fj-fijEj.,)  (A-53) 

In  figure  55,  the  points  on  the  free  boundary  should  beet  j-0  and  j-m.  Since 
If*  0  on  the  boundary,  the  boundary  condition  becomes: 

<P.-<t>m-0  «-54) 

Hence,  from  eq.  (A-51): 

After  which  eqs.  (A-52)  and  (A-53)  can  be  ur>ed  to  calculate  Dj  and  Zj  step  by 
step,  startfng  with  J  •  1,  until  j  -  m-1 . Then  eq.  (A-51)  Is  employed,  letting 
j  go  from  J  •  m  ,  where  -  0  ,  to  j  ■  2. 

In  thia  way  the  solution  for  has  been  obtained.  It  should  be  noted,  that  since 

Aj,  Bj  and  Cj  are  the  same  for  all  the  -equations  (i.e.  eq.  (A-21)  to  (A- 

25)),  then  the  Dj-matrlce  and  the  Gj -matrices  are  also  the  same.  Thus,  Dj  and  Gj 
can  be  stored  in  the  first  ^-calculation  and  used  unchanged  in  all  the  remaining 
y  -calculat 1 ons . 

In  order  to  avoid  a  singularity  when  £t~0  t  it  is  most  convenient  to  solve  for 
^  first  from  *  .  (A-25).  With  f*  V4  from  (A-26) ,  the  equa¬ 

tion  to  determine  the  free  boundary,  eq.  (A-42),  becomes: 
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(A-55) 


To  solve  this  equation  it  Is  accessary  to  have  a  first  estimate  of  the 

distribution  avallabla.  For  this  purposes  sqs.  (A-52)  and  (A-53)  are  used  directly 

such  that  J“0  corresponds  to  the  leading  edge  of  the  bearing  arc  and  J  ■  m 

corresponds  to  the  trailing  edge  of  the  arc.  In  the  "back-sweep",  employing 

eq.  (A-51),  any  negative  value  in  a  (pj  -vector  is  set  equal  to  sero  before 

computing  the  next  (j)j  -vector.  Based  on  the  Ifa  -distribution  determined  in 

this  way,  eq.  (A-55)  is  solved  step  by  step,  letting  i  go  from  l*n  to  i»l.  At 

i«n,  t?  -0  such  that  eq.  (A-55)  is  readily  solved  for  the  corresponding 

Je 

0  -value.  At  subsequent  i-valuas,  g?  can  be  expressed  in  terms  of  0 
and  the  previous  -values,  allowing  the  complete  boundary  to  be  established. 


Once  the  free  boundary  is  known,  And  can  be  found  for  use  in 

the  finite  difference  equations  (see  fig.  55),  a  new  -distribution  can 

be  computed  and  the  corresponding  new  boundary  can  be  found.  This  process  is 
repeated  until  the  relative  difference  between  two  subsequent  boundaries  is 
smaller  than  some  preassignad  error  limit.  When  the  final  boundary  has  been  r 
established,  the  solutions  for  ,  “T/j  4nd  are  obtained  simply  by  matrix 

multiplications. 


The  film  forces  have  two  components  acting  in  the  journal  center:  a  radial 
component  Fr  directed  towards  tha  bearing  center  and  a  tangential  component 
positive  in  the  direction  of  rotation,  (see  fig.  |4}..  These  forces  are  obtained 
by  integration  of  the  film  pressures  F: 


* 


| -COSO 


r  Rdedlz 


5  To©  J 


(A-56) 


-107- 


or  by  substitution  fr  a  aqa.  (A-3) ,  (A-7)  and  (A-8): 


£  -  £_  I 

v'  SW  /.NDUg)* 

,  r,  _ 5_ 

f*'  SW  •  ftNiUff  j 


Combining  sqa.  (A- 14),  (A-17)  and  (A-18): 


At  tha  sans  tins ,  fr  and  {*  can  ba  axpandad  aa: 

<•*<• +  Jif.  +  ^  (.<r. +  +  $ 

and  alallarly  for  ^  .  Thus,  oubatituting  aq.  (A-S8)  into  aq.  (A-57) 

and  coaiparlng  with  aq.  (A-59)  raaulta  in: 


(A-57) 


fafa  A-58) 


(A-59) 


(A-60) 


(A-61) 


(A-62) 


(or* 

-Co  Se 

T  %  j 

”  l_  |  1  H0 

d  4  4, 

Sine  , 

de  df 


to 


* 

ft. 


A 


(A-63) 


(A-64) 


For  convenience  In  combining  several  bearing  lobea  and  also  to  eliminate  the  changing 
polar  coordinate  system  (l.e.  <pc  changes  with  applied  static  load), a  fixed 
cartesian  In  x-y-coordinate  system  is  introduced  as  shown  In  fig.  54.  The 
following  coordinate  transformations  an  readily  deduced: 

Fr  CoS  <p,  ■+  Ft  Sinfo  (A-65) 


-Fi)  -  Fr  $i'n  ft  ~  Ft  CoS  (p. 


(A-66) 


£  =  £COS<p 


(A-67) 
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".T’ : 


'  V’ 

—  ;  V*  • 


- 


5^  *$'■ **'  HCCSf^-  '(£%  H (*-76) 

hH)sW+($?H- iifHh05?*  (*-77) 


SW  =  (r.Ui<f.  +  (t,S!n<P, 


(A-78) 


-**,;■&- 


“  5W  “  tro^o-tt.  (oS% 

The  forces  acting  cn  the  journal  can,  therefore  be  written: 

Rr  “  ^xo  ~  8*x  ~  Kx^  lj  ~  Bxy  jf 


(A-79) 


(A-80) 


F,  -  F,.  -  V  -  a,*  #  -  k-,,  1  -  8W  ft 


(A-81) 


The  static  load  on  the  bearing  pad  is  W  where: 


l 

io 


(A-82) 
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ikki  u . 


(A-83) 


or,  with  the  definition  of  fr  and  from  eq.  (A— 57 ) : 

C  =  1 

J  l/f  *  + 

»  >o  T  rt« 


The  friction  forca  acting  on  the  journal  ia  determined  by  integrating  the 

shear  stress  over  the  wetted  area  of  the  journal.  The  shear  stress  is: 


f=KCf^L  +  ij;£ 


CA-8A) 


where  Cf  is  the  turbulent  friction  coefficient.  In  laminar  flow  with  R#»0, 
^  R^Cf-  I  .  For  details,  see  reference  1. 

The  total  friction  forca  then  becomes: 


e*rr 

Jo  •'d) 


f  Rdo  dz 


Introducing  T  from  eq.  (A-84)  and  making  the  equation  dimensionless  by  r<eans 
of  eqs.  (A-3) ,  (A-5) ,  (A-7)  and  (A-8)  results  in: 


R  ^ 


C  5W 


i  !.(•(, 


)  f  h  de  +  ?  L  ]  ]  ti  do  de 


(A-85) 


where  R-F^  is  the  total  friction  tcrqua.  The  last  integral  in  this  equation 
can  be  reduced  as  follows: 


whereby  eq.  (A-85)  becomes: 


i  jj. 

C  5W 


(A-86) 


Turning  next  to  Che  flow,  che  volume  flow  per  Inch  In  Che  circumferential  direction 
le: 


3*  =  i  ^  it"  Rde 


\Zf*.  RJe 

The  volume  flow  per  Inch  In  the  sxIaI  direction  le: 

« I!  £ 

The  total  flow  la  found  by  Integration  which,  in  dlacnelonless  form  becomes: 


LA.]  *  fit  -  ia’l  (ktfjr] 
InolcJ,,^  izi'  «^*l**L 


(A-87) 


fwDLC  f  F  ^  ~  It  ^  l  [  A» 


(A-88) 


Ln/dlc  JsMfS 


£  1 
12  L 
D 


6,  »- 


de 


(A-89) 


where  Is  the  total  side  flow  (i.e.  for  both  sides  of  the  bearing).  For  flow 
continuity: 


Sides 


(A-90) 
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If  that*  ia  film  rupture  aC  aithar  tha  leading  edge,  at  the  trailing  edge  or  at 
both  edges,  tha  intagrala  in  eqs.  (A-87)  and/or  (A-88)  era  zero,  and  the  regaining 
term,  5  h  must  be  integrated  along  the  boundary. 


Having  described  tha  calculation  of  tha  dynamic  coefficients,  the  load  carrying 
capacity,  the  friction  force  and  the  flow,  it  remains  to  determine  tbs  various 
functions  in  the  basic  eqs-  (A-21)  to  (A-25) .  With: 


h0  =  l+f.cose 


tha  derivatives  of  H  become: 

o 

J.  ^  _  i  dR  dh> 

^6  Sq  Hq  d  h 0  de 


(A-91) 


(A-92) 


H,  do'  H,  dk.  de‘  +  H.  (del 


where  (sea  eq.  (A-13)): 


H.=  C 


Expansion  of  H  yields: 


H=  =  H» +  *•  dk,  "se  +  M*.  dk.i!ne 


dH. 


clH. 


(A-94) 


(A-95) 


or,  by  comparison  with  eq.  (A-18) : 

it H' 1 4  (cse 


N0  ■  K  dh,  5,1 


(A-96) 

(A— 97 ) 
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These  equations  contain  the  first  three  derivatives  of  H  with  respect  to  h  . 

0*0 


The  derivatives  are  found  from  Eq.  (A-94) : 


L4tk.ll, 

II  II  *  3  I  * 


i  i 


H,  Jh.  -  2  fc.  '  7  s. 


TKn 


-L  -  3  /  ,11  L  JQx  _  1(1  4£x\2,  l  J_  d\ 
Ho  2  h.  G,-  dh.  4  l <5*  dhj  ^2  Gy  dh] 


(A-10O) 


(A-101) 


+  1  L  L  dG*  _  ±  I  (j_  JG*)2  ,  l/±  djxf 
Jo  dhj  ~  *  $  *  h\  Gy  dh,  t  I^U*  Jh0)  *  l<*  dhoJ 


vh*t« 


(A-103) 


Since  Gx  is  a  given  function  of  the  local  Reynolds  number  R^,  the  three  derivatives 
of  Gx  are  known.  For  laminar  flow,  these  derivatives  are  zero. 

Similarly,  eq.  (A-12)  can  be  expanded: 

G0  +  0»"U  =  Go  +  et  ^  (0S9  +£0(j p,  Sine  (A- 104) 


where: 


Uy 


(A-105) 


Comparing  eqs.  (A-1Q4)  and  (A-ll) : 


(A-106) 
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In  this  way,  all  the  coefficients  in  eqs.  (A-2*)  to  (A-2S)  can  be  evaluated  and 
the  equations  can  be  solved  as  previously  discussed. 


tv. 


» 
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APPENDIX  II:  The  Static  and  Dynamic  Performance  of  the  Three  Lobe  Bearing  with 
Turbulent  Film 


The  three  lobe  bearing  Is  made  up  of  three  arcs: 


Figure  57:  Three  Lobe  Bearing 

The  centers  of  curvature  of  the  arcs  do  not  coincide  with  the  center  of  the  bearing. 
Instead,  the  centers  lie  on  a  small  circle  with  radius  r.  In  this  way  the  lobes 
are  pre-loaded. 

For  the  purpose  of  generality,  assume  that  each  lobe  has  Its  own  pre-load  radius 
r-r^.  Introduce  a  cartesian  x-  y  -  coordinate  system  with  origin  in  the  bearing 
center  and  the  x-axial  in  the  direction  of  the  applied  static  lead: 


119- 


Th«  journal  radius  is  R  and  Che  lobes  have  Che  common  radius  of  curvaCure: 

R+C,  where  C  is  Che  radial  clearance.  The  cenCer  of  Che  lobe  is  removed  from 
Che  bearing  cenCer  by  a  distance  r^,  and  Che  angle  beCween  Che  x-axis  and  Che 
line  connecClng  Che  cwo  centers  is  "^p  .  The  dlsCance  beCween  Che  journal  cenCer 

and  Che  lobe  cenCer  is  Che  lobe  eccentricicy  ,  and  is  the  angle  between 

the  x-axis  and  the  line  connecting  the  two  centers.  With  respect  to  the  bearing 
center,  the  journal  center  has  the  eccentricity  and  the  attitude  angle  (pB  . 

From  fig.  58. 


to  s  (jPp  +  rf  (OS  % 
e,  a *  f,  *  ep  fp  4  rr  $•*»  Yr 


(B-l) 


Introduce  the  eccentricity  ratios: 


£  =  ^ 
*8  C 


ft 

c 


and  the  preload: 


(B-2) 


(B-3) 


whereby  eq.  (B-l)  becomes: 

*p  ™fp  -  cosfi  ~<$rCosfr 


€f  Sinff  -  e9  $i»<p8  -  Sr 


Hence: 


(B-4) 


£p=  l/  ((t(osCp6 -6f(0syrf  +  (fj  Sirtfj  -  if  Sinlftf 


(B-5) 


(B-6) 


* 


p.  =  tan" 

p  l  t9<V3fQ-'f!,COSyi>  J 


Thus,  for  given  coordinates  of  the  journal  center  with  respect  to  the  bearing 
center,  the  corresponding  lobe  eccentricity  ratio  and  attitude  angle  can  be  deter¬ 
mined.  The  angles  from  the  lina  of  cencers  to  the  beginning  and  the  end  of  the 
lobe  become: 

0'  =  “ft 

(B-7) 


ft 


Thereby  all  the  data  required  for  calculating  the  lobe  are  known.  The  calculation 
is  described  in  Appendix  I.  Performing  calculations  for  each  of  the  h 
lobes  making  up  the  boAring,  the  properties  of  the  composite  bearing  are  obtained 
by  a  simple  summation  over  the  lobes: 

/tNDL({Sf  ‘r  ( ~  SW'r  (B~B> 


5» 

/TnDLT|? 


(B-9) 


R  5 

C  /uNDL  Qf)! 


(B-10) 


(B-ll) 
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(B-12) 


>uNfDL(f)z  '  4  l  $W/f 


Ccu  Bxx  /  CcuBxx  \ 

yuNDL(f )*  =  4  I  5W  /, 


and  similarly  for  the  6  remaining  dynamic  coefficients. 

The  total  hydrodynamic  bearing  flow  is  the  aide  flow  Q  .  To  this  should  be  added, 
however,  any  "surplus"  flow  from  the  grooves  between  the  lobes.  To  illustrate, 
the  circumferential  flow  from  loba  p  into  tha  groove  separating  lobe  p  and  lobe 
(p+1),  is  ^Qx)p  trail,  edge  APP804***  84l*  (A-88)).  Similarly,  the  cir- 

o«f.r.»ti.l  flm  out  of  th.  groov.  1.  «,),*!,  1„d.adge.  If  <Vp.cr.il.  ,dg. 
is  greater  than  (0^)^^  1#4d  #dga»  c^8  difference  should  be  added  to  Q^.  Other¬ 

wise,  there  is  no  surplus  flow. 

If  in  eqs.  (B-8)  to  <B-13),  the  x-directlon  is  considered  to  be  the  direction  of 
the  applied  load  U,  then  for  static  equilibrium: 

r  0  (B-14) 

“FXo  =  Vv'  (B-15) 


This  condition  is  satisfied  by  performing  the  calculations  with  a  fixed  value  of 
Eg  (osfy  and  vary  until  eq.  (B-14)  is  fulfilled.  Then, 

combining  eqs.  (B-15)  and  (B-8): 


F,o 

/iND Zffll 


(B-16) 
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where  S  Is  the  Sommerfeld  number  for  the  bearing.  Thereafter  the  bearing 
friction  and  the  dynamic  coefficients  can  be  given  in  a  different  dimensionless 
form  than  in  eqs.  (B-10) ,  (B-12)  and  (B-13): 


£ 


c  W  1  5  ( c  yuNDLff)*) 


(B-17) 


(B-18) 


CCO  Byy  £  /  CtU  Bus  \ 

W  ”  ^  l yuMDL(f)*/ 


(B-19) 


and  similarly  for  the  6  remaining  coefficients.  This  latter  form  le  to  be 
preferred  except  when  the  bearing  is  unloaded  in  which  case  the  original  expressions 
are  employed. 

In  order  to  express  the  stability  properties  of  the  bearing,  a  symmetrical,  rigid 
rotor  with  a  mass  of  2M  is  considered.  The  rotor  is  supported  in  two  identical 
bearings.  Assuming  the  translatcry  critical  speed  to  be  the  lowest  (corresponds 
approximately  to  requiring  that  the  transverse  radius  of  gyration  of  the  rotor 
is  less  than  half  the  bearing  span  which  is  normally  the  caseX  the  motions  of 
the  two  journals  in  their  bearings  wiil  be  In  phase  and  be  the  same.  Hence,  the 
mass  of  the  rotor  can  be  divided  In  two  equal  parts,  each  of  mass  M,  and  lumped 
at  the  journals.  Hence,  the  equations  of  motion  for  a  Journal  become: 

d**  -  J*  Mi 


M  dix  '  ~K**  *  -  Bx* B^jt 
M  dt*  ~  ” Kjy*  ~  "Bi^dt 


(B-20) 


,-123- 


At  the  threshold  of  Instability,  x  sod  y  srs  purs  harmonic  motions  with  frequency 
V  ,  l.s. : 


X  *  Xccos(vi)~Xi  St'n(vt)  =■  (xc+ixs)eiyt 


(B-21) 


and  similarly  for  y  where: 


i»  )I~T 


(B-22) 


Hence,  eq.  (B-20)  can  be  written: 

(Kj*  +iv  ( Kft  -  M 


=  0 


(B-23) 


These  two  equations  only  have  a  non-trlvial  solution  when  the  determinant  la  zero. 
Equating  the  real  part  and  the  Imaginary  part  of  the  determinant  to  zero  results 
in: 


m-,2  -  8*#  t  fa  (V.r  fyx 

B*x  ■+  8^ 


(B-24) 


(Xyy-My»)(X,,>-/Vfvt)--X,.,X«,), 

Bxx  ~  Bxy  8^* 


(B-25) 


Computing  eq.  (B-24)  first,  Mv*  can  be  substituted  into  eq.  (B-25)  whereby  the 
instability  frequency  V  is  determined.  Thereafter  the  corresponding  journal  mass 
M  is  readily  obtained. 

The  results  era  most  conveniently  represented  in  dimensionless  form.  For  this 
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0 


Ccoftr  » 

SW 


QSa&tx 
S  w 


[u>/ 


where  Che  8  bearing  coefficients  are  in  dimensionless  form  as  defined  by  equations 
(B-12)  and  (B-13) . 

The  ratio  £  between  the  Instability  frequency  and  the  rotational  speed  Is  known 
as  the  frequency  ratio.  Under  most  conditions,  ^  j  .  The  Instability 

mass  can  either  be  expressed  In  the  form  given  by  eq.  (B-26)  or  in  the  form: 


sw*  sw 


CcoBxx  CcuBwn  —  CtoBvf  CcoBua 

W  5W  SW  SW 


(B-27) 


APPENDIX  III :  Th«  Stiffness  and  tha  Damping  of  a  Hydroat  tic  Bearing  with  an 
Incompressible  Lubricant 

In  tha  hydrodynamic-hydrostatic  ring  bearing  where  tha  lubricant  is  a  liquid 
(incompressible) ,  the  outer  bearing  is  a  purely  hydrostatic  bearing.  This 
appendix  describes  the  analysis  for  calculating  the  flow,  the  stiffness  and  the 
damping  of  a  hydrostatic  bearing. 

The  basic  equation  governing  the  flow  through  the  bearing  film  is  Reynolds  equation 
in  which  there  is  no  contribution  from  journal  rotation: 

d  r  T  i  ,  <)  r  ii3  df]  -  <*L 

Rde  RJeJ  +  dz  1  /2/*  dz  I  dt  (c“1) 


Here,  P  is  the  film  pressure,  fi  is  the  lubricant  viscosity,  t  is  time,  R  is 
journal  radius  (  outer  radius  of  ring),  ©  is  tha  angular  coordinate,  *  is  the 
axial  coordinate  and  h  is  the  film  thickness: 

E=C+CCOJ0  (C-2) 

where  C  is  the  radial  clearance  and  e  is  the  eccentricity  between  the  bearing 
center  and  the  journal  canter. 

To  make  Reynolds  equation  dimensionless,  set: 

P  =  p  (C-3) 

L-  £ 

«  “  C  (C-*> 


(C-5) 
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r=vt 


(C-6) 


Thereby  eq.  (C-i)  becomes: 


(C-7) 


where: 


(C-8) 


Ps  is  Che  supply  pressure  of  the  lubricant  to  the  bearing  and  v  is  the  frequency 
of  the  motion  of  the  journal. 


The  flow  is  supplied  to  the  bearing  through  a  restricted  feeder  holes.  The  flow 
restriction  may  either  be  accomplished  by  an  orifice  or  by  a  thin  tube,  the  latter 
method  denoted  as  the  laminar  restrictor.  In  the  case  of  an  orifice  the  mass 
flow  through  the  feeder  hole  is  given  by: 


Orifice  Restrictor 


M,  =  C,tTa' 


i n+W 


(C-9) 


where  M#  Is  the  mass  flow  in  lbs. sec/inch,  C&  is  a  discharge  coefficient,  a  is 
the  radius  of  the  orifice,^  is  the  mass  density  of  the  lubricant,  is  the 
pressure  downstream  of  the  feeder  hole  at  the  inlet  to  the  bearing  film,  h  is  the 
dimensionless  film  thickness  at  the  feeder  hole  and  6  is  the  inherent 
compensation  factor: 

dC 
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d  Is  the  diameter  of  the  feeding  hoi*.  Thu*  *q.  (C-9)  asaum**  a  praaaura  drop 
both  through  th*  orlflca  and  through  tha  "curtain"  araa  batvaan  tha  rim  of  th* 
faadar  hola  and  th*  Journal  surface Whan  6^0  ,  th*  flow  raatriction 

take*  placa  only  In  th*  orlflca  wharaa*  -*  oo  aaana  that  tha  curtain  araa 
domlnataa  aa  th*  raatrictlng  mechanism. 


It  la  alao  poaaibla  to  restrict  the  flow  by  simply  relying  on  th*  faadar  hole 
itself  to  provide  the  raatriction.  Tha  viscous  drag  in  th*  hola  cauaas  a  drop  in 
pressure  as  tha  flow  pasaas  through.  Tha  relationship  is  given  by: 


Laminar  Restrictor 


(C-10) 


whara  t  is  tha  length  of  the  faadar  hole,  a  is  the  radius  of  tha  faadar  hola 
and  tha  other  syubols  are  defined  above. 

The  two  restrictor  equations  can  b*  written  in  dimensionless  form  as: 


where: 


(C-ll) 


/ 


3/*Cpna* 


< 


Orifiu  Xcstfcior 


(012) 


v. 


3  na * 
S  Cl 


Latufnar  Restri tfor 
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i»=4 


j/EF 


Orifice  Restrictor 


l+J*) 


(C-13) 


(l-p,') 


Ldmirwr  Restrictor 


Here,  p»  ■  p'/p  which  define*  the  preseure  ratio  acrose  the  feeder  hole.  The 
c  c  i 

eyehole  A  and  5,  will  be  defined  later. 

A$  la  known  a*  the  reatrictor  coefficient  and  it  la  the  governing  parameter  for 
the  performance  of  the  hydroatatic  bearing.  It  deflnaa  the  ratio  between  the  flew 
realatance  of  the  bearing  film  and  the  flow  realatance  of  the  feeder  holea. 


To  calculate  the  bearing  performance,  Reynold*  aquation,  eq.  (C-7),  muat  be  solved 
together  with  the  feeder  hole  flow  equation,  eq.  (C-ll) .  The  present  solution  will 
be  baaed  on  the  fact  that  the  journal  in  a  hydroatatic  bearing  normally  operates  close 
Co  its  concentric  position.  This  means  that  the  journal  center  eccentricity  e 
is  small  compared  to  the  radial  clearance  C,  or  in  terms  of  the  eccentricity  ratio 
£  : 


_e 

C 


(C-14) 


£  is  much  smaller  than  1  (in  practice  the  solution  is  a  valid  approximation  for 
£-  values  as  large  aa  0.4  to  0.5).  Thus,  the  dimensionless  pressure  can  be 
written  as: 


P-  P.  +  tlJ  +  El’ 


(C-15) 


where: 


*  1  dt 

6  *  Jr  ’  Cv  it  (c"16) 
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The  dimensionless  film  thickness  Is  found  from  eqs.  (C-2)  and  (C-4)  as: 


K3  l+f.coso 

Substitute  eqs.  (C-1S)  and  (C-17)  Into  eq. 
to  the  perturbation  variables: 

dia  -j.  (IS  -  o 
de*  <3 0 

ni  +  V.  =  ••«**  37 


<>»*  i{‘ 


6  ♦  J 


(C-17) 

(C-7)  and  collect  terms  according 

(C-18) 

(C-19) 

(C-20) 


Consider  first  eq.  (C-18)  which  gives  the  solution  for  the  pressure  In  the  film 
when  the  journal  Is  concentric  in  the  bearing.  Under  that  condition  each  feeder 
hole  has  the  same  flow  and  in  the  analysis  it  Is  only  necessary  to  consider  an 
axial  strip  belonging  to  one  feeder  hole: 


1 

l© 

*T( 

fttder  bole 

- trt 

J 

u _ & _ - 

- - & - J 

Figure  59:  Axial  Strip 


The  strip  extends  over  the  length  L  of  the  bearing  and  its  width  is  /h- 

z 

Hence,  the  ranges  of  the  coordinates  are: 
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or  dlaenalonlaas: 


L 

2 


£  z  £ 


L« 

2 


—  TR  4  pe  z.  O 
ft  =»  ft©  -  h 


r 6  5, 

where: 


(C-21) 


(C-22) 


and  D  ■  2R  la  tha  dlamater  of  tha  baarlng. 


Tha  boundary  conditlona  ara  that  the  preasure  is  ambient,  (i.e.  it  is  zero)  at  the 
ends  of  the  bearing  and  there  is  no  flow  across  the  sides  of  the  strip: 


for  P„  =  0 

(or  9=11:  f^O 


(C-23) 


Tha  solution  of  eq.  (C-18)  is  then  the  solution  of  the  potential  equation  for  a 
rectangle  with  a  source  in  the  center.  If  the  source  strength  in  C,  the  solution 
becomes : 


co*Kfo&f?k+<))  —I 
Cosh((fr2kft)n)  ~(o S(V»e) 


] 


(C-24) 
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(see  reference  2).  To  determine  the  source  strength,  the  flow  out  of  ths  strip 
which,  of  course,  is  the  seme  es  the  flow  through  the  feeder  holejcen  be 
computed: 


or: 


-  r 


(C-25) 


Hanes: 

I  —  3  yU 

2 C  TTyC’IJ  (c~26) 

Hie  pressure  P^c  st  which  the  flow  enters  the  film,  is  taken  et  a  point  on  the 
rim  of  the  feeder  hole  with  the  coordinates  £  r  Oy  0  s  d/D  where  d  is  the  feeder 
hole  diameter.  Thus,  from  eq.  (C-24)  : 


i 


(C-27) 


where : 


(C-28) 


Since 


Single  Plane  Admission 

,  eq.  (C-28)  can  be  written  with  good  approximation  as: 
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If  Char*  *r«  two  admission  planes,  thar*  ar*  two  feeder  holes  per  axial  strip  and 
fig.  59  is  modified  Co: 


Figure  6Q:  Axial  Scrip 


With  a  total  of  n  feeder  holes,  there  are  l/2n  holes  per  admission  plana.  The 
length  betveen  admission  planes  is  L^,  and  the  total  bearing  length  is: 

L  •  +  1*2  such  that  becomes  the  combined  length  outside  the  admission  planes. 

The  ranges  of  the  dimensionless  coordinates  for  the  strip  are: 


(C-30) 

h  ~  n 


where : 


(C-31) 
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$ 


The  solution  for  ths  prsssurs  distribution  is  found  froa  tbs  msthod  of  sourcss 
and  sinks  to  b«: 


Defining  the  pressure ,  P*  downstream  of  the  feeder  hole  to  be  the  pressure  at: 

Jt 

p  )  j  eq.  (C-2 T)  can  ba  anployad  wlch: 


1  I  r,rf,  r[<«4»f,tfWf,«f,))-l  ]  I 

Double  Plana  Admission 


MM  . 

In  practice,  20  1  wheraby  an  approximate  expraasloa  for  A  bacomaa: 


A 


oe- L  F [ (oil* (Hi)  ~ I J  Tco?($  ]  |  ^  |  +  ^- 

hf*  M  [l-c.  s($)][(^(»?J-M(§jj)]  I  *&"*'**' 


(C-34) 


The  perturbation  of  the  film  pressure  defined  by  eq.  (C-15)  causes  a  similar 
perturbation  in  the  flov.  From  eq.  (C-13) : 


(C-35) 


ni0  - 


ffh^C 


l-p« 


Orifice,  ftt  stridor 


Laminar  Restridor 


(C-36) 
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•  •?*, . 


In  solving  eqs.  (C-18)  to  (C-20) ,  only  for  the  first  equation  is  an  exact  solution 
readily  obtained  as  shovn  by  eqs.  (C-24)  and  (C-32).  To  solve  the  two  remaining 
equations  it  is  necessary  to  perturb  the  source  strength.  In  the  present 
analysis  this  will  be  done  by  an  approximate  method. 

Assume  that  there  are  infinitely  many  feeder  holes.  Thereby,  the  feeder  holes 
form  a  continuous  line  feed  from  which  the  flow  is  purely  axial.  The  mass  flow 
per  inch  of  circumference  becomes: 


-136- 


fii’riF-  if]  ,  htb 

12/*  l  dz  dz,  2KR 


(C-41) 


where  *  -  1/2  L^.  In  dimenaionlaaa  fora: 


f  if  _  if  I  =  ^nM>  I  =ii  » 

Uf  if,  lf.fi  TTfP.C1  ?  Af,  T 


(C-42) 


where: 


(C-43) 


Subetitute  from  eqa.  (C-15),  (C-17)  and  (C-40)  into  eq.  (C-42)  to  gat: 


r&-  aj 

l  <>5  4^,.' 


(C-44) 


fifi  -  ifi  ] 

[ir-  w 


hlf 


(C-45) 
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* 


where: 

.  Ai  hi>  _  “i/Ah  Mgo 

*'  “MT  ■  iifcnr 


(C-46) 


(C-A7) 


and  <f  la  defined  to  ba  xaro  for  tha  laminar  reatrlctor.  Making  uaa  of  eqa. 
(C-47)  and  (C-37),  aq.  (C-39)  bacomaa: 


Oriflca  Raatrictor 


(C-48) 


Laminar  Raatrictor 


With  the  aaaunptlon  of  a  line  feed  inatead  of  discrete  feeder  holes,  there  is  no 
variation  circumferentially  in  the  pressure  vhen  the  journal  is  concentric  in  the 
bearing.  Therefore: 


(C-49) 


Hence,  the  solution  for  PQ  can  be  found  directly  from  eqs.  (C-18)  and  (C-44)  as: 


(C-50) 
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The  prasaura  at  tha  llna  faad  la: 


(C-51) 


Comparing  aqa.  (C-51)  and  (C-27): 


~  jl  j  top  “  A  fpt 


(C-52) 


which  givaa  tha  actual  praaaura  downatraaa  of  tha  faedar  holaa  In  tarma  of  the 
approximata  llna  faad  praaaura.  Inaartlng  eq.(Q36)  into  aq.  (C-52),  tha  faedar 
hole  downatraaa  praaaura  la  found  to  ba: 


Orifice  Restrictor 


(C-53) 


Laminar  Haatrictor 


Than: 


(C-54) 


Thua,  tha  exact  solution  for  PQ ,  aq.  (C-24)  or  aq.  (C-32)  can  ba  replaced  by  tha 
approximata  solution  of  aq.  (C-50).  Tha  total  flow  Is  tha  same  In  tha  two  cases 
which  means  that  only  In  tha  immediate  neighborhood  of  tha  feeder  boles  is  there 
any  significant  difference  between  the  two  solutions.  This  localised  effect  can 
be  Ignored  in  computing  the  load  carrying  capacity  of  the  bearing . 
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Turning  Co  Ch«  solution  of  the  perturbed  pressures,  it  is  again  assumad  that  tha 
faadar  ho las  can  ba  raprasantad  by  a  lina  faad  but  with  a  corraction  introducad 
for  tha  prasaura  downstream  of  tha  faadar  holas  to  inaura  a  correct  flow.  Actually, 
this  corraction  factor  muat  ba  determined  from  a  perturbation  of  the  source  atrength 
In  aqa.  (C-24)  and  (C-32).  However,  in  tha  present  analysis  it  shall  be  aasumed 
that  tha  eame  correction  factor  as  darlvad  for  PQ,  namely  ^  ,  also  applies  to 

the  perturbed  pressure.  In  other  words,  it  is  assumed  that: 


(C-55) 
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«fa«r«: 


Sine*  Cha  solution  has  baan  linearized,  the  fotce  can  be  expressed  in  tarns  of 
a  spring  coefficient  K  and  a  damping  coefficient  B: 


F  -  Ke+  Bjf  ~  CKe  +Cvdi 


(C- 


where  e  is  the  displacement  (the  eccentricity)  of  the  journal  center,  see  eqs 
(C-14)  and  (C-16) .  Comparing  eqs.  (C-69)  and  (C-70): 

fiHt 

CK  =  -2TTR7Ps  \  4  (c-; 


CvB  -  “  21iR*Ps  6 


(c-; 


In  dimensionless  form: 


With  substitution  from  sqs.  (C-63)  and  (C-65),  eq.  (C-73)  yislds: 


i±£  c* 
bis2  a,iLt)Dp, 


■Jh 


3/r 

2^f«) 


_ 

coih  f,+  [y+  TAhhf,  J  Stfthfj 


Mr  l+SM f|  ^*»^i](C-75  ) 


Xn  this  form,  the  dimensionless  stiffness  is  s  function  of  three  parameters  only: 
Aj  ^  fj  .  The  factor:  depends  on  -A$  only  (see  eqs. 

(C-53)  end  (C-54)  end  the  parameter  VT*  *  therefore,  is  also  a  function  of 

.A$  only  (see  eq.  (C-48)). 

With  substitution  from  eqs.  (C-64)  and  (C-66),  eq.  (C-74)  yields: 

C6  _  /  jr  f,  _  X 

/a "  L  Coshfi  +  (Tl'+ia>,hf,)ii»hfi  J 


The  dimensionless  damping  is  a  function  of  three  parameters  only:  A5/fi  f2 


3 

The  total  volume  flow  to  the  bearing,  Q  inch  /sec,  can  be  defined  in  dimensionless 
form  from  eq.  (C-47)  as: 


1*4  Af,  =  tH,  -  & 

7rp,c3  '■  T  * 


(C-77) 


which  depends  only  on  Aj  and  is  independent  of  f(  and 


Eqs.  (C-7S)  to  (C-77)  are  used  to  calculate  the  design  charts  for  the 
stiffness,  the  damping  and  the  flow  for  s  hydrostatic  journal  bearing  with  an 
incompressible  lubricent. 
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an  Income reasibla  Lubricant 


In  tha  hydrodynamic-hydrostatic  ring  bearing  there  ia  a  ring  between  the  journal 

and  the  bearing.  The  ring  la  prevented  iron  rotating  but  ia  otherwise  free  to 

move.  The  inner  diameter  of  the  ring  la  D  and  the  outer  diameter  is  D  .  The 

o 

radial  clearance  of  the  inner  film  ia  C  and  that  of  the  outer  film  is  C  .  Tha 

o 

bearing  length  is  L. 


Figure  61:  Hydrodynamic-Hydrostatic  Ring  Bearing 
As  shown  in  Appendix  I,  the  dynamic  forces  of  the  inner  film  can  be  expressed 


in  terms  of  8  coefficients: 


K  ,  K  ,  K  ,  K  ,  B  ,  B  ,  B  and  B  . 
XX  ’  xy  ’  yx’  yy  xx’  xy*  yx  yy 


outer  film,  on  the  other  hand,  requires  only  two  coefficients,  a  spring  coefficient 
Kq  and  a  damping  coefficient  Bq,  as  given  in  Appendix  III  • 

In  calculating  the  stability  properties  of  this  bearing,  the  rotor  is  assumed  to 
be  rigid  and  symmetrical  with  a  mass  of  2M.  As  discussed  in  connection  with 
eq.  (B-20)  in  Appendix  II,  the  rotor  mass  can  be  lumped  at  the  journals  whereby 
each  journal  is  assigned  a  mass  of  M. 


Then  the  equations  of  motion  become: 

=  ~K* (*-*')  - Kn ^ 


(D-l) 
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«h«r«  x  and  j  in  Ch*  amplitude*  of  Cho  journal  cantar,  and  *Q  and  yQ  ara  tha 
amplitudes  of  Cha  cantar  of  tha  ring*  In  thaaa  aquation* ,  tha  mass  of  tha  ring 
itaalf  baa  baan  ignored  bacauaa  it  ia  anal 1  compared  to  tha  journal  maaa.  Eq.  (D-l) 
is  nada  dimensionless  by  sotting: 


7  s  — 

C 

(D-2) 

•i 

rif^c 

(D-3) 

T-  ut 

(D-4) 

~  _  CK.  ,  /( 

*  '  /.NOLfir  l< 

:)  p,ld. 
J  SW 

I !&. 

P.LD, 

(D-5) 

w 


(0-6) 


M  -  QjM  -  iir1  CNM 
M  '  SW  yllD m? 


(D-7) 


V  -  ^  -  CKn 


$w  /-DUff 


(D-8) 
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g  —  Cu>Br»  _  CcoBw, 

^  “  5W  m  NOL  ($? 


(D-9) 


“*  ’u‘ii"17  fcr  V  V  VV  V  ““  V  ««.  «  1.  tta 

■p,,d  °f  th*  j°"ri1*1  *nd  s  11  ;i*  SPtn.rf.ld  nuab.r.  Th.r.bj.  (D-l)  b.cot,.. , 

Mf = -  K„  (*-*)-  Lti-iJ-K,,  (f-tf-B,, 


(D-10) 


Mf  —  V*-?.)  -  B„  fx-x‘J-1%  (5-5,)=-ft  ji-B.  j. 


whera  "dot"  rafars  to  Jp  . 

At  tba  thraabold  of  inatability,  tha  motion  i»  puraly  harmonic  with  fraquancy 
V  such  that: 


*  ’  K  «s(vtf  -x,  s tnM) »  tofGi+i&eirf 


0>-U) 


•nd  similarly  for  7.  *«,  and  yw,  vhera: 

r  « 


(I>-12) 


Then  eq.  (D-10)  can  be  writtan  aa: 


-  (Kx+if  5J  f  x-Xo)+(R^  fox, 

Mjrif  * 


0>-13) 
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Solve  for  “d  % : 

Rj*  _ 

Mj*  _ 

B.  * 

and  substitute  into  eq.  (0-13)  to  got: 


(0-14) 


az  _  (*&$), Ej£ 


0^8,,) 


u 


=  0  (0-15) 


At  tha  threshold  of  instability,  the  determinant  of  the  coefficient  matrix 
vanishes,  for  convenience.  Introduce  the  abbreviations: 


(D-16) 


(simlUrly  hr  Zj^Z^Z^) 


(D-17) 


Vith  this  notation,  the  determinant  of  eq.  (D-15)  can  be  equated  to  sero  to  give: 

E*-(ZW+Z^)E  +(Z1tltZ^-2xtjZtfl)-0  (o-is) 
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with  th«  solution: 


Combining  eqs.  (D-16)  and  (D-23)  yields: 


(D-26) 


Eliminate  MfX/[ (fB0)*  ] 

plyt  - 

r  tl+tl 


(D-27) 


between  the  two  equations  to  get: 


(D-28) 


Substitute  for  My*  into  eq.  (D-27)  to  obtain  an  equation  which  contains  t  48 
the  only  unknown: 


*  i  f  v + (t  b,)'  ] r  &  ()  p>] = o 


(D-29) 


Since  Kg  and  JpBg,  *•  seen  from  eqs.  (D-2A)  and  (D-25),  are  rather  complicated 
functions  of  y  ,  eq.  (D-29)  is  a  higher  order  polynominal  In  y  which  cannot  -»■ 
be  solved  in  closed  fora.  Instead,  the  solution  is  found  numerically.  Once  the 
roots  for  y  have  been  obtained,  the  corresponding  dimensionless  journal  mass  M 
is  found  froa  eq.  (D-28). 

If  M  is  plotted  as  a  function  of  Bp  for  a  fixed  value  of  Kq,  it  is  found  that  under 
certain  circumstances  the  rotor  is  inherently  stable,  i.e.  M  '-►00  .  When  Mm+oojy-*’0 
such  that  eqs.  (D-24)  and  (D-25)  yield: 


I 


«  • 


where 

retios . 


(4^Kf Kj)t  )  ^  0  which  holde  true  except  at  large  eccentricity 
Solve  eq.  (D-29)  for 


(i>-31) 


For  a  given  value  of  Kq  and  with  Kg  and  Y  8|)  defined  by  eq.  (D-30), 
this  equation  allows  calculation  Jf  80/ J  f°r  Jfs^’ 

Noting  that : 


eq.  (D-28)  yields: 


(D-32) 


Corresponding  to  the  two  roots  for  »V>«.  from  eq.  (D-31),  eq.  (D-32) 
yields  two  possible  values  for  M.  The  rotor  13  stable  between  these  two 


values . 
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APPENDIX  V:  THE  STIFFNESS  AND  THE  DAMPING  OP  A  HYBRID  JOURNAL  BEARING  WITH  A 
COMPRESSIBLE  LUBRICANT 


In  the  hybrid-hydrostatic  ring  bearing  which  la  gas  lubricated,  the  outer  bearing 
is  purely  hydrostatic  whereas  the  inner  bearing,  supplied  with  pressurized  gas 
from  the  outer  bearing,  is  a  hybrid  bearing.  This  appendix  describes  the  analysis 
for  calculating  the  load  carrying  capacity,  the  flow,  the  stiffness  and  the 
damping  of  the  hybrid  journal  bearing  but  the  analysis  applies  equally  well  to  the 
hydrostatic  bearing. 


For  a  compressible  lubricant  under  Isothermal  conditions,  Reynolds  equation 
becomes : 


j-r 


?3 


*i  p  it  1 


IMe  l r  Rda  I  dz  lC/« 


if]  -i 

dz  J  “  2 


Ji 


(E-l) 


where  the  symbols  are  defined  in  connection  with  eq.  (A-l) ,  Appendix  I.  The 
equation  is  made  dimensionless  by  setting: 

Ir  f  -(E-b 


T=  vi 


(E-3) 


£  *  l+ecose 


(E-4) 

(E-5) 

(E-6) 


whereby  eq.  (E-l)  can  be  written  in  dimensionless  form  as: 
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where: 


0.  I"  that 

(E-10) 

Eq.  (E-7)  is  non-linear.  It  shall  be  solved  under  the  assumption  that  the  eccentricity 
ratio  £  is  small  whereby  the  pressure  variable  can  be  expanded  in  a  perturbation: 

Ph ~  Pt  +  tPt  (E~ii) 

In  making  use  of  eq.  (E-ll)  it  shall  be  assumed  that  the  pressure,  Pq,  which  is 
the  film  pressure  when  the  journal  is  concentric  in  the  bearing,  does  not  depend 


In  the  purely  hydrostatic  bearing ,  (*>  m  o  which  means  that  -A.  - 


caser : 


Squeeze  Number: 


VCi 
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on  0  (u.  drVt*  >0  )  .  This  assumption  Implies  that  tha  flow  to  the 

bearing  la  considered  to  be  supplied  by  a  line  feed  rather  than  discrete  feeding  holei 
A  correction  factor  will  be  added  later  to  adjust  the  flow. 

Uith  this  assumption,  eqs.  (E-ll)  and  (E-4)  can  be  substituted  into  eq.  (E-7) 
whereby  two  equations  are  obtained.  The  first  equation  is  simply: 

r  0  (E-12) 


In  deriving  the  second  equation  it  should  be  noted  that  eq.  (E-4)  la  based  on 
0  being  measured  from  the  line  connecting  the  bearing  center  with  the 

journal  center.  The  angle  between  this  line  and  the  static  load  line  is  the 
attitude  angle  .  Therefore: 


ijw _ djn)  +  j(n)  l 

dr  ie  i t 


(E-13) 


Thereby  the  second  perturbation  equation  becomes: 


<>W.>  + 

de* 


duP.P,) 


_  _  -A.  /i  ■>  -A  _  pi 

jv  Ws — -jr—foso?. 


CE-1A) 


Under  static  conditions,  the  journal  center  operates  at  an  eccentricity  ratio 
£0  and  an  attitude  angle  (fa  ,  Letting  the  journal  center  perform 

a  harmonic  small  amplitude  motion  (  £tC4  j  )  with  frequency  V 

around  this  equilibrium  position,  the  journal  center  coordinates  become: 


£*  e0  -te,  elT 


e>r 


(E-15) 
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The  corresponding  changes  In  the  pressure  variable  can  be  expressed  by: 


e  p.  p,  -  U  <j.  +  £,  t %  +  to  ft  (E-16) 

See: 

<j os  &{  Go(f)  ^*1  (E-17) 

3ir  ^/clT  &{£,(£)£*}}  (E-18) 

e‘T  {**2  (0**} I  (E-19) 


where:  1  ■ 
equations : 


and  j  -  With  these  definitions,  eq.  (E-14)  gives  rise  to  3 


(E-20) 


^  +i‘  ’  ■  o  ZA 


The  length  of  the  bearing  is  L.  There  are  two  adsnissidn  planes  separated  by  the 
distance  L^,  and  the  combined  length  outside  the  admission  planes  is  ■  L-L^ . 
Since  there  is  symmetry  with  respect  to  the  centerplane  of  the  bearing,  the 
dimensionless  axial  coordinate  ranges  from  T-o  <?.+?*> 
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where 


(E-23) 


It  ic  convenient  to  Introduce  an  additional  axial  coordinate: 


t-I-t 


so  that  0 ^  ~  fj  . 


At  the  end  of  the  bearing  the  pressure  is  ambient  and  equal  to  P(  ,  l.e. 

which  means: 


At 


p. 

<;,=o 

the  centerplane  of  thebearing,  ”  0  whereby : 

T~Q  .  H  -  d£g  ~  d£l  -  dJ*?  -Q 


(E-24) 


(E-25) 


There  are  j  h  feeder  holes  per  admission  plane.  The  mass  flow  through  a 
hole  is  Mg.  Thus,  when  the  admission  plane  is  represented  by  a  line  feed,  the 
flow  per  inch  is  <1  •  Hence,  the  boundary  condition  at  the 

admission  plane  becomes: 


HO,. 


(E-26) 
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where  &  la  tha  gaa  coostanc  and  T  la  the  total  temperature.  Expand  the  right  hand 
aid*  by  aeana  of  eqs.  (E-ll),  (E-16)  and  (E-4): 


“  0+t<we)(^  ■  j j^)c  [l?+?£f,,f>1]  - 

-($*4  )f  f^+ 2(.  ( f.+ {  P.W+?f,£*V  i  M  ]  (E-27) 


vhare  aubacrlpt  e  ref era  to  tha  condition  at  the  admission  plane. 


Next,  the  left  hand  side  of  eq.  (  E-27)  must  be  expanded.  Let  the  volume  of  a 
feeder  hole  be  represented  by  Vc  and  let  the  flow  into  the  feeder  hole  be  Mc»  The 
pressure  in  the  feeder  hole  is  7*.  Then  a  flow  balance  for  the  feeder  hole  volume 
can  be  act  up: 


IV  Mc 


<h 


(E-28) 


where  jk'«  ?c  /<&  la  the  mass  denjity  of  the  gas  in  the  feeder  hole.  To 

make  eq.  (E-28)  dimensionless,  set: 


where  d  is  the  inherent  compensation  factor: 


(E-29) 


(E-30) 


Here,  Pfl  la  the  supply  pressure,  a  is  the  radius  of  the  orifice  and  d  is  the 
diameter  of  the  feeding  hole.  The  dimensionless  orifice  flow  m  is  given  by  the 
standard  equation: 
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wh«r«  Cp  Is  the  vena  contracts  coefficient.  Actually,  Cp  is  a  function  of  the 
pressure  ratio  P^/Pg. 

The  dimensionless  form  of  eq.  (E-28)  becomes : 


— !1^ — (t+n 

jtdlc  'W  jT 


(E-32) 


where: 

Restrictor  Coefficient: 


6M»at'fW 


(E-33) 


Pressure  Ratio: 


(2-34) 


(E-35) 


The  restrictor  coefficient,  -A*  ,  is,  together  with  A  ,  the  governing 
performance  parameter.  It  gives  the  ratio  between  the  flow  resistance  of  the 
bearing  film  and  the  flow  resistance  of  the  feeder  hole  restrictor. 
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Fr oa  «qs.  (E-ll)  tnd  (K-16): 
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(E-41) 


(E-42) 


Eqs.  (E-37)  to  (E-42)  are  subetituted  into  eq.  (E-32)  which  is  then  compared  to 
eq.  (E— 27) .  Collecting  terms  according  to  j  i,  ft  /  four 
equations  are  obtained 


®  •  -« ■ *  ($ i 

(k\  ’ ?7ib)  +  «»)  +  ($1 

($,l r  +  (y.'+>V v'l (K +(ifl 

\ 

(|‘);  *  (t’+wm  -  <>»  v,'(  (ft  *  (Jf)t 


(E-43) 


(E-44) 


(E-45) 


(E-46) 


In  these  equations,  the  primed  quantities  ref err to  the  actual  conditions  at 
the  feeder  holes  whereas  the  unprimed  quantities  derive  from  the  solution  based 
on  the  line  feed  assumption.  Thus,  it  la  necessary  to  establish  a  relationship 
between  the  two  conditions  in  order  to  apply  the  equations.  This  is  done  by 
the  same  method  as  employed  in  Appendix  HI*  In  other  words,  consider  the  case 
where  the  journal  is  concentric  in  the  bearing  (  £  =  0  ).  Because  of  symmetry, 

it  is  then  only  necessary  to  consider  an  axial  strip: 
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Figure  62:  Axial  Strip 

The  solution  for  ths  gas  film  pressure,  P^,  can  be  obtained  from  the  method  of  sources 

and  sinks  as: 

.Item  -I  1  Ulitt'MOl- 1}  1 


If  there  is  only  one  admission  plane  (  J ,s0  )  with  H  feeder  holes, the  solution 

becomes  (see  reference  2) : 


■SfrlT.  M  \  (-if  lM  1 

Wife*  ^l<cih(^kp)-c6s(ne)l 


(E-48) 


In  these  two  equations,  Mg  Is  the  mass  flow  from  one  feeder  hole  (concentric  journal). 
The  pressure,  P^ ,  downstream  of  the  feeder  hole  is  defined  as  the  pressure  on  the 
rim  of  the  feeder  hole  where  and  ©* 

(d  »  feeder  hole  diameter,  D-  journal  diameter).  Since  d  <<  D  the  dominant 
term  in  the  series  in  eqs.  (E-47)  and  (E-48)  Is  the  nne  where  k  -  0,  which  Is  the 
only  term  that  needs  to  be  considered.  Define: 
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(E-49) 


Double  Plane  Admission 

\rJ_  ft  n*  |j,  fUflftrtWMa)  -l  1  -1  11 

~  i  ,  rr»»|'f?F«) -•  i__ ,.  2 ,  ^oi 

-  W,'"^ =  '  "I  ‘tra/ 


Single  Plane  Admission 


f cosh(nfz(frl))-l  l^i  ,  [ccsU»Ft)-l 

hflk7-~  J  ~  *f*  °Hh<*i(*4) 


(E-50) 


Then  Che  downstream  feeder  hole  pressure  becomes: 

P*  =  *+  =  l+-AsV»*ftA 

?• 

Now,  mQ  Is  a  function  of  (see  Eqs.  (E-31)  and(E-39)).  From  Eq.  (E-51) : 


This  equation  can  be  solved  graphically: 


Knowing  -**, 

•l0f*  (if)i 


q  can  b«  calculated  directly  from  Eq.  (E-51) .  In  addition,  the 
P'  , 

of  m  at  can  be  computed  whereby  ^  la  given . through  Eq.(E-41). 


The  correa ponding  line  feed  aolutlon  can  be  determined  from  aolving  Eq. 
with  boundary  condltiona  apecified  by  Eqa.  (E-24) ,  (E-25)  and  (E-43): 


p.'= 


(E-12) 


(E-53) 


from  which 

C  -  l+?f. 


(E-54) 


A  comparison  between  Eqa.  (E-54)  and  (E-51)  yields: 


(E-55) 


This  eatabllshes  the  relationship  between  the  actual  feeder  hole  downstream 
preasaure-  and  the  one  obtained  from  the  line  feed  solution,  based  on  a  con¬ 
centric  journal.  Vhen  the  Journal  is  eccentric,  the  flow  from  the  feeder  holes 
la  no  longer  confined  to  the  axial  strip  shown  in  Fig.  &2  and,  furthermore,  the 
source  strength  changes.  However,  to  get  an  approximate  solution,  consider  a 
rectangular  strip  as  in  Fig.  62  with  a  uniform  film  thickness.  In  that  case, 
the  ratio: 


(S-56) 


stays  constant,  independent  of  the  film  thickness.  Assuming  that  this  relationship 
is  valid  even  under  dynamic  conditions,  Eq.  (E-36)  can  be  used  to  expand  Eq.  (56): 


,  Ph -hZtiWjX'w)  J_ 
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from  which 


£  zl 

Pi-/ 


UW*e-  Mo  -^[  (iWt~  *&•*•] 


The  first  equation  checks  with  Eq.  (E-55) .  The  second  equation  can  be  expanded 
further  by  means  of  Eqs.  (E-15)  and  (E-17)  to  yield: 


-  *  l  u  -  Pj  0>S9  I 
jL  -  Cc,5(*  -  A  f  -  f*  co5#  J 


(E-57) 

(E-58) 

(E-59) 


Define  the  parameters: 

Vi  --  ->  Vi' 


~  **  Uf)/ 

7T0LC  Ri 


(E-60) 

(E-61) 


Thus,  Eqs.  (E-57)  to  (E-61)  can  be  substituted  into  Eqs.  (E-44)  to  (E-46). 
Noting  that: 

tic.se  * 

F, l  sine  -  Ce  j-j  F,l  e‘‘j 

and  making  use  of  Eqs.  (E-17)  to  (E-19) ,  the  resulting  equations  become: 


( 2ft 1  d?)  + &  +  (M 

(sfl ’  +  ($ 


(WtnK'-tfiH  (cK-0  +  («l 


(E-64) 


These  aquations  together  with  Eqs.  (E-24)  and  (E-25)  are  the  boundary  conditions  for 
Eqs.  (E-20)  to  (E-22) . 

/ 

It  ia  seen  directly  that: 

(E-65) 

It  remains  to  determine  the  solutions  for  Gq  and  G^. 


P  is  constant  between  the  feeding  planes,  i.e.  in  the  range  0*T  —  as  given 
o 

by  the  first  of  Eqs.  (E-53) .  Under  these  circumstances,  Gq  and  G^  have  closed  form 
solutions: 


f  -  P«  +  \r  _  ]  Cosf> 

^ "  ME 

“  l+jk+tyt  ‘  CoshCHjP+ifatjfl,))?, 


(E-66) 


(E-67) 


where :  _______ 

i-tjpuU, ■>!/>,)  =  /l+j£  +i?ii 

«t.*[i(/+/i+$)J4 
d  --  ij4 


(E-68) 

(E-69) 

(E-70) 

(E -71) 

(E-72) 
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(E-73) 

(E-74 

(E-75) 

(E-76) 

(E-77) 


These  expressions  can  be  substituted  into  Eqs  (E-62)  and  (E-63)  to  eliminate  the 
two  derivatives. 


Eqs.  (E-20)and  (E-21)  are  solved  by  numerical  integration.  They  have  the  general 
form: 


whe  re : 


&  F 

**  n 

H+j$  &•  c=c. 

l  (°r  G'c' 


(E-80) 


(E-81) 


(E-82) 
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The  boundary  conditions  are: 

Julk 

m 

(E-83) 

hlL 

if  =*-fkGc 

(E-84) 

where: 

«=  - 

r  _3_ _ ] 

2M  | 

i 

\  +  GlcihL^L+niiL  ]  (h^v 

(E-85) 

?o+ 

G~-G0 

(E-86) 

G'G, 

Integrate  Eq.  (E-80) 

twice  to  get: 

(E-87) 

Subdivide  the  length  of  integration  into  m  increments  of  length  **/>*>  and 

write  Eq.  (E-87)  in  finite  difference  form: 

~  <**  +  {&{)* [tty, +  - +W„]  +A[fa*tC<)  (E-88) 

where  H‘*E£»+F’,  Setting: 

+i(ut+jUs)+  [V(.+J (wc+jWc)]  Ce  (E-89) 

eq.  (E-88)  can  be  used  to  calculate  step  by  step,  keeping  Gt  as  an  unknown 

constant  (  C0  =  (*c  )•  At  ,  G^-l  from  which  Gc  can  be  computed. 

Thereafter,  G  can  be  determined  at  each  point  by  back  substitution. 
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(oitiinede  _  _ 
(I+ZM*)1  ° 


f  *  Co^o  </q  _  _  /  . 

\(hu(9so)2  "  V'vC+tr 

fir 

l  (a A  Sind  t/tf  _  ~ 

4  (l+tgfCS*)1 

fir 

I  ceso  suh  Je  __  ZTf(b^) 

4  (h  £.(«&)* 


(E-lOO) 


(E-101) 


(E-102) 


(E-103) 


(E-104) 


(E-105) 


(E-106) 


where: 


(E-107) 


From  Eqa .  (E-17)  and  (E-18) : 

%  -  fy  { £*}<**»  ~  {  Cj  Sine 

(E- 

<j,  *  $;{  [ #<j{C,}<oSe- kfajsiH*] f‘rj 
Thua,  the  integral  in  Eq.  (E-91)  can  be  computed  aa: 

ft,+>'7j]  +4«t'ry|ryf-VV'^ )  <«- 


(E-108) 
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(B-110) 


where: 


(E-lll) 

(E-112) 


(E-113) 


With  substitution  from  Eqs.  (E-53)  ,  (E-66)  end  (E-57)  these  Integrals  become: 


where  Pqc  is  given  by: 


(E-116) 

/ 


The  two  integrals  on  the  right  hand  side  are  evaluated  by  numerical  integration 
from  the  previously  determined  values  of  C(  and 
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Mmq  the  atatlc  load  on  the  boaring  la  W,  eht  total  force  coaponcnta  acting  on  the 
Journal  In  the  radial  and  tangential  diractiona  are: 


ladlal  direction  (oppoalte  f():  Fr"  Fr  —W(0S<P 

Tangential  direction  (oppoalte  to  Ft 


(2*117) 


Then: 


With  ^ 

given  by  Eq.  (E-15) 

aa: 

fr  V  PaL0 

*t  *  *t  +r*Lt> 

Set: 

*  i . 

v_ 

UD 

W 


v# r 


(r~j?xS  C0S<f  s  (&  if  &&*  +  (&+*} 
ft  *~ft +  5/nfr  ^ r)f,2*r+  fit)*#?*  C‘T 


f^LO  '  *r* 
jjjj>  Slnf*  '  ft* 

r  /T^TT7 

fa LO  *  r* 


ft  "  ** 


(E-118) 

(E-119) 

(E-120) 

(E-121) 

(E-122) 

(E-123) 

(E-124) 

(E-125) 

(E-126) 


=  Krr+  ®rr  r  Kr  +  ^ hr  * *  A-) 


(E-127) 


(E-128) 


-IMu  +  _L_ 

1(b))  Mti 


fVV 


?tr~-  Ktr+ij  8tr  7 


.liLsI  U  — —(H  +;  J) 

7^)h*J  b*i  {M'J  ‘  V 


(E-129) 


Zft  '  kft  +  If  Bit  ~  ^(1^)  Htr  +  (Hy.  +  I  J,r) 
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Here,,  ^rr  ,  Brr ,  ^ rt  /Brfetc.  are  the  dimensionless  spring  and  damping  coefficients 

bC  CKrr 

~  it  '  pald 


K 

8 

K 


rr 


rt 


jf bi  ~  PaLD 

-  Jft-  Shn 

'f.bf  &LD 
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D  _  bfr  Cu>Brt 

Br<  ~f3f  '  Po,LD 

and  analogously  for  the  four  remaining  coefficients.  If  it  is  desired,  the  co¬ 
efficients  can  readily  be  expressed  In  an  x-y-coordinate  system  with  the  x-axis 
in  the  direction  of  the  static  load  W  as  in  the  preceeding  appendices.  This  is 
done  by  making  use  of  Eqs.  (A-70)  to  (A -77)  ,  Appendix  I  where  SW  is  replaced  by 
PflLD,  fr  by  f*  and  (-ft)  by  f*. 


For  the  purely  hydrostatic  bearing,  A*0  but  such  that  where  <5  is  the 

squeeze  number  (see  Eq.  (E-10  )  ).  In  that  case  and  fa" 

which  considerably  simplifies  the  calculations.  Furthermore,  for  the  hydrostatic 
bearing,  the  static  load  increases  almost  proportional  with  displacement  and, 
therefore,  ^  should  be  set  equal  to  1  in  the  above  equations.  In  total, 
then, for  a  hydrostatic  bearing: 


Purely  Hydrostatic  Bearing 


_w_  _ 

P*LD  ' 

<u--0 


(E-132) 
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(R-133) 


fcr+f/Brr  -  *  K+O* 

Ki  f*J  it  *  K r**}  &tr  ~  0 


Thu*,  for  a  purely  hydro* cade  bearing  there  la  only  one  aprlng  coefficient 
and  one  damping  coefficient  which  shall  be  denoted  as  K*  and  B0  .  It  la 
convenient  to  express  these  coefficients  and  the  load  carrying  capacity  In  the 
dimensionless  form: 

W  _  I  w 

(Pj-&)LD  "  V-|  P.LD  (E_134> 

CK  _  J_  j7 

lPrpJLD  “  V-*  Krr  (E_l35) 


(E-136) 
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[.VI:  THE  STABILITY  OF  THE  1 
COMPRESSIBLE  LUBRICANT 


(STATIC  RING  BEARING  WITH  A 


The  analysis  of  the  stability  of  the  hybrid-hydrostatic  ring  bearing  is  almost 
Identical  to  the  analysis  of  the  hydrodynamic-hydrostatic  ring  bearing  given  in 
Appendix  IV.  Therefore,  the  present  appendix  Hill  only  describe  the  differences 
between  the  two  analyses  and  otherwise  refer  to  Appendix  IV. 


The  equations  of  motion  are  given  by  Eqs.  CD-I)  where  K()e  «  j  and  so 

on  are  the  dynamic  coefficients  of  the  inner  film,  and  and  8,  are  the  co¬ 
efficients  of  the  outer  film.  They  are  determined  from  the  analysis  in  Appendix  V 
(note:  instead  of  foxy  8*#  j  Ky  j  etc  can  be  used  ^rr/^rry  K-t  /  etc*  or  the 
latter  set  of  coefficients  can  be  transformed  to  the  first  set  of  coefficients 
as  discussed  in  Appendix  V).  Eq.  (D-l)  is  made  dimensionless  by  setting: 


CoKo 

fPs-P*>LD. 


(F-l) 


/  .£.)  ( Ik)  Al 
lCo/lD/24  ^ [T p 


(P-2) 


M 


C(o'  M 

P*LD 

-  I*** 

"  P*LD 


Co8kx 
Pc  LO 


(F-3) 


(F-4) 


(F-5) 


and  similarly  for  mad  •  The  symbols  are  defined 

in  Appendix  IVand  Appendix  E. 


The  stability  analysis  is  performed  for  fixed  values  of  the  compressibility 

number  A  and  the  static  eccentricity  ratio  £„  (i.e.  for  a  constant  static 

load  IV  and  a  given  speed  W).  Hence,  the  dynamic  coefficients  are  only 

v 

functions  of  the  frequency  ratio  Vs  w  •  Then  the  analysis  given  In 
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Appendix  V  can  be  used  directly  as  long  as  it  is  raaeabered,  that  whereas  the 
dynamic  coefficients  in  Appendix  D  are  independent  of  y  because  the  lubricant  is 
la  coapressible,  they  now  depend  iaplicitly  oh  y.  The  equations,  however,  are 

the  a awe  in  the  two  cases. 


Bearing  with  Turbulent  Film 

This  appendix  describes  Che  computer  program  PN0375:  "Ihe  Static  and  Dynamic 
Performance  of  a  Lobed  Bearlug  with  Turbulent  Film"  and  gives  the  detailed  In¬ 
structions  for  using  the  program.  The  program  Is  based  on  the  analyses  contained 
In  Appendices  I  and  II.  It  calculates  the  Sommerfeld  number,  the  flow,  the 
coefficient  of  friction,  the  8  dynamic  bearing  coefficients  and  the  critical 
journal  mass,  for  a  journal  bearing  with  up  to  12  lobes  whose  lubricant  film 
may  be  turbulent.  Film  rupture  Is  Included. 

COMPUTER  INPUT 

An  Input  data  form  Is  given  In  back  of  this  appendix  for  quick  reference  when 
preparing  the  computer  Input.  In  the  following,  the  more  detailed  instructions 
are  given. 

Card  1  (15) 

This  card  contains  one  value: 


NRET  which  gives  the  number  of  film  Reynolds  numbers  in  ttj  table  of  turbulent 
flow  coefficients  (1  *  NRET  *  250) 

Table  of  Turbulent  Flow  Coefficients  (4E15.7) 


In  a  bearing  film  with  fully  developed  turbulence  where  the  Couette  flow  Is  the 
dominating  flow  component,  the  effect  of  turbulence  on  the  lubrication  action 
can  be  accounted  for  by  means  of  two  coefficients,  GT  and  G,.  These  coefficients 
modify  the  Poiaeuille  flow  (the  pressure  induced  flow)  and  they  are  functions  of 
the  film  Reynolds  number  R^: 


where  h  is  Che  local  film  thickness,  normalised  with  respect  to  the  radial 
clearance  C.  and  It  is  the  Reynolds  number  for  the  bearing.  G„  and  G,  are  given 
in  reference  1  and  can  also  be  found  in  the  table  in  the  input  data  for  the  sample 
calculation  later  in  this  appendix.  It  should  be  noted,  that  the  values  used  for 
Gx  and  G^  in  the  present  program  are  twelve  times  the  values  found  in  reference 
1.  Sy  doing  this,  G*  and  G%  are  equal  to  1  when  R^^O  (ie.  for  laminar  flow). 

For  use  in  the  calculation  of  the  dynanic  performance  of  the  bearing  it  is 
necessary  to  specify  the  first  three  derivatives  of  Gx  with  respect  to  R.  .  Also, 
the  first  derivative  of  is  required.  Finally,  to  determine  the  friction 
loss  of  the  bearing,  the  coefficient  of  friction,  must  be  given.  In  the 
table,  is  specified  by  giving  the  product  g  ffj, Cf  which  is  equal  to  1  for 
Rk=0.  In  total,  then,  there  are  7  quantities  for  each  film  Reynolds  number. 

They  are  given  on  two  cards: 


First  Card  (4E15.7) 
tfQjRh  , 

1.  Rj,*  sone,  the  films  Reynolds  number.  The  first  value  in  the  table 

should  preferably  be  0.  In  any  case,  the  table  must  span  over  the  range: 
(l-er)  Rc  *  £  (be,)  Rt  where  Rfi  is  the  input  value  of  the  bearing  Reynolds 

number  (see  later  input  list)  and  is  the  maximum  eccentricity  ratio  for 
any  lobe  in  the  particular  calculation.  Since  the  largest  possible  value  of 
C  is  1,  it  is  safest  to  let  the  range  of  be:  0~  -  Z 


To  use  the  table,  the  program  employs  linear  interpretation.  The  local 
dimensionless  film  thickness  h  is  computed  from  which  the  film  Reynolds  number 
is  determined  as  where  R  is  given  in  the  input.  Then  the  table  is 

scanned,  starting  with  the  first  table  value  of  R^,  until  (ROukk  ^  ^^o,Ut,UteJ  • 
Assume  this  to  be  at  the  Ic ^ tl*  table  value  (ie.  )• 

The  proper  value  cf  Gx  ia  then  computed  as: 


,x~ 


(KLu.  A 
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and  similarly  for  the  remaining  6  quantities.  If  is  greater  than 

the  last  value  in  the  table,  the  program  sets  ~  w  Utt  v*l*t  • 

( is  smaller  than  the  first  value  in  the  table,  the  program  will  be 
in  error. 

2.  g  Cf  >  the  dimensionless  friction  factor.  For  1^*0  (laminar  flow)/gl ?tfCfsl. 

3.  Gx,  the  dimensionless  Folseuille  flow  coefficient  for  the  circumferential 
direction.  For  R^*0  (laminar  flow),  Gx=l. 

4.  ^  ,  dimensionless.  This  is  the  first  derivative  of  Gx  divided  by 

G x>  For  ^=*0  (laminar  flow)  ,  ^  =  0  . 


Second  Card(4E15.7) 

,  1  & 

^  d  ’ 

by  G„.  For  (laminar  flow)  ,  ^  ~  0 

I  & 

2.  q*  j  ,  dimensionless.  This  is  the  third  derivative  of  G„  divided 


*  jo*  ,  dimensionless.  This  is  the  second  derivative  of  Gx  divided 

*  d  >  £&  _ 


by 


Gx.  For  R^*0  (laminar  f  low)  ,  J~jf}  ~  "  • 


3. 


Gx 


,  dimensionless.  This  is  the  ratio  between  the  Poiseuille  flow  co¬ 


efficient,  Gj,  for  flow  in  the  axial  direction,  and  CM.  For  ^=0  (laminar 
flow)  ,  jr1  s  I  . 

J  (  6»  1  6x 

4.  \  Gx  »  »  di™«nsionless .  This  is  the  first  derivative  of  ^  .  For 

V°  (laminar  flow)  ,  (^*)  =  0  . 

In  total  the  table  contains  NRET  entry  values  of  R^  arranged  in  sequence, 
starting  with  the  smallest  value.  Thus,  the  table  consists  of  2  NRET  cards. 
There  can  be  a  maximum  of  250  entry  values. 
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Card  (72H) 


This  card  is  used  as  a  title  card,  identifying  the  calculation.  Any  descriptive 
text  can  be  given  in  columns  2  to  72.  If  a  1  is  punched  in  Column  1,  the  output 
listing  will  start  on  a  new  page  for  each  case. 

This  card  controis  the  input  and  the  output.  It  has  12  values: 


1.  M.  This  is  the  number  of  finite  difference  increments  in  the  circumferential 
direction  per  lobe,  see  Fig.  55,  Appendix  I .  When  the  lobe  arc  is 
few  degrees,  the  circumferential  increment  is: 


49 - M~ 


JtjrttS 


It  is  suggested  to  let  Ad  be  10  to  IS  degrees,  depending  on  the 
eccentricity  ratio  (the  larger  the  eccentricity  ratio,  the  smaller 
should  AO  be).  The  largest  allowable  value  of  M  is  36.  Also,  M  must 
be  larger  than  or  equal  to  3. 


2.  N. 


This  is  the  number  of  finite  difference  increments  in  the  axial 
direction  on  half  of  the  bearing  length  (see  Fig.  5:  ,  Appendix  I  > . 
If  the  increment  is  AZ  and  the  bearing  length  is  L,  then: 


6Z- 


f* 

N 


In  ditnens ionless  form  as  used  by  the  program: 

*z=  -£• 

N  should  be  chosen  such  that  is  approximately  the  same  as  A0  when 

is  measured  in  radians.  However,  since  there  are.  pressure  gradients 

in  the  circumferential  direction  which  are  considerably  larger  than  the 

axial  pressure  gradients,  Af  can  be  made  somewhat  larger  than  Ad  . 

Furthermore,  it  is  of  great  importance  to  keep  N  as  small  as  possible 

2  3 

since  the  calculation  time  is  roughly  proportional  to  N  or  N  . 
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Usual  value*  for  N  are  5  to  7,  depending,  of  course,  on  the  L/D-  ratio. 
The  allowable  range  of  N  is:  3  13  , 

3.  NLP  Specifies  the  number  of  L/D-values  in  the  designated  input  list  (L/D 
is  the  length-tO -diameter  ratio  of  the  bearing).  The  allowable  range 
is:  /^A/LD4  20. 


4.  HRS  Specifies  the  number  of  bearing  Reynolds  numbers  Rg  in  the  designated 

input  list.  The  allowable  range  is:  -30  . 

5 .  NPAP  Specifies  the  number  of  bearing  lobes.  The  allowable  range  is: 

J^/s/PAD  ^  12  . 

6.  NECA  Specifies  the  number  of  values  in  the  designated  input  list. 

«■  is  the  bearing  eccentricity  ratio,  <pg  is  the  bearing  attitude  angle) 
The  allowable  range  is:  l-N£CA^20  . 

7.  NAB  Specifies  the  maximum  allowable  number  of  calculations  to  be  performed 

in  determining  that  bearing  attitude  angle  for  which  the  horizontal 
force  Fy  is  zero.  A  detailed  discussion  is  given  later  in  connection 
with  the  input  list  for  and  *  *iAB  sl,oul<*  be  greater 

than  NAT  (the  number  of  S»h  ^-values  in  designated  input  list). 

8.  NRP  The  program  provides  for  the  case  of  film  rupture  where  no  sub- 

ambient  film  pressures  are  permitted.  In  the  regions  where  the  pressure 
otherwise  would  have  bee.i  less  than  ambient,  the  film  contracts  such 
that  the  pressure  in  the  contracted  film  becomes  ambient.  The  boundary 
separating  the  full  film  and  the  contracted  portion  is  determined  by 
iterations  as  discussed  later  in  connection  with  the  convergence  limit 
for  the  rupture  calculation.  NRP  specifies  the  maximum  allowable  number 
of  such  iterations  to  be  performed.  A  usual  value  for  NRP  is  5  to  7. 

If  it  is  not  desired  to  include  the  effect  of  rupture,  set  NRP-->-l. 
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9.  HPW  In  most  cases,  only  the  final  results  of  the  calculations  for  the 

composite  bearing  are  of  interest.  Then  NPW  is  set  equal  to  sero.  On 
occasions,  however,  it  may  be  disired  to  get  the  results  for  each  bearing 
lobe  before  they  are  combined  into  the  composite  bearing.  In  that  case, 
set  NPW-1  or  NPW  ■  -1.  If  NPW  «*  -1,  the  results  will  include  the  pressure 
distribution.  If  NPW  ■  1,  the  pressure  distribution  will  be  omitted 
from  the  output. 

10.  NRW  Under  certain  conditions  the  calculations  of  the  boundary  between  the 

complete  film  and  the  contracted  film  does  not  readily  converge.  In  that 
case  it  may  be  desired  to  explore  the  matter  in  more  detail.  If  NRW  =»  1, 
the  output  lists  the  "error"  (the  relative  difference  between  two  succes¬ 
sive  calculations)  for  each  rupture  iteration  of  each  lobe.  If  NRW  =*  -1, 
the  output  gives,  in  addition  to  the  "error",  the  coordinates  of  the 
rupture  boundary  for  each  interatlon.  If  NRW  »  -2,  the  output  gives, 
in  addition  to  the  output  for  NRW  •  -1,  the  finite  difference  co¬ 
efficients  e /o }  and  (see  Fig.  56,  Appendix  I)  for  each 
iteratlcn. . 

When  the  calculations  experience  difficulties,  the  "error"  does  not 
converge  smoothly.  It  will  normally  be  found  that  the  reason  is  that 
the  rupture  boundary  intersects  a  y-gridline  (see  Fig.  55*  Appendix  I). 
Thus,  the  trouble  can  frequently  be  eliminated  by  changing  the  gridline 
spacing  (ie.  change  M,  item  1,  control  card). 

Only  under  unusual  circumstances  is  it  of  interest  to  explore  the  rupture 
boundary  calculations.  By  setting  NRW  =»  0,  the  output  will  not  include 
any  results  of  these  calculations.  Hence,  the  normal  value  of  NRW  is 
sero. 

11 .  NPUN  As  discussed  in  connection  with  Item  7,  the  program  may  perform 

several  calculations  in  order  to  determine  the  attitude  angle  for  which 
the  horisontal  force  is  sero.  If  it  is  desired  to  get  the  results  from 
each  calculation,  set  NPUN  »  -1  or  NPUN  »  -2.  In  the  latter  case,  the 


results  for  the  composite  bearing  are  punched  on  cards  after  each 
attitude  angle  calculation  but  only  if  there  is  no  more  than  1  lobe.  No 
punched  card  output  is  given  if  NPUN  *  *1.  If  it  is  desired  to  get 
the  final  results  only  after  the  correct  attitude  angle  has  been  deter¬ 
mined,  set  NPUN  «0  or  NPUN  -1.  In  the  latter  case,  the  output  is  also 
punched  on  cards  for  bearings  with  1  lobe  only.  This  is  omitted  when 
NPUN  -  0. 

Thus,  the  usual  value  of  NPUN  is  zero  (or  1,  if  punched  card  output  is 
also  desired). 

12 .  INP  When  INP  ■  0,  a  new  set  of  input  data  follows  the  present  set  of  data. 

The  new  set  of  data  starts  with  the  text  card  (Card  (72H)) ,  The  table  of 
turbulent  flow  coefficients  should  not  be  repeated  and  can  only  be  given 
with  the  first  set  of  input.  If  INP  ■  1,  the  present  set  of  data  is 
the  last  or  only  set. 

Card  (1P5E14.6) 


This  card  contains  two  values: 

1.  CVLA  This  is  the  convergence  limit  for  the  bearing  attitude  angle  ^  . 

After  each  complete  bearing  calculation,  the  total  horizontal  force 
Fj,  and  the  total  vertical  force  Fyp  are  computed  by  a  summation  over 
all  bearing  lobes,  see  eqs .  (B-8)  and  (B-9) ,  Appendix  The  correct 
attitude  angle  is  the  one  for  which  Fw#-0.  This  condition  is  accepted 
to  be  satisfied  by  the  program  when: 

Ifel -  CVLA 

or  when  to.;  total  number  of  attitude  angle  calculations  exceeds  NAB 
(Item  7,  control  card). 

The  attitude  angle  is  (^.  If  the  deviation  between  the  attitude  angle 

for  which  ^,=0,  and  the  calculated  attitude  angle  is  called 

then: 
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When  R(  la  small  this  is  equivalent  to: 

Hence,  the  given  convergence  criteria  corresponds  to  requiring: 


UfoljtAiiianS  *  CVLA 


or 


)AfB|y  dcqrtts  <  57.3  •  CVLA 

If  it  is  desired  to  obtain  the  attitude  angle  within  0.01  degrees,  then 
ket  CVLA*  1.7  Kf\  A  typical  value  for  CVLA  is  10  *  . 


2.  CVLR  This  is  the  convergence  limit  for  the  calculation  of  the  rupture 
boundary  for  each  bearing  lobe.  The  program  calculates  the  angular 
coordinates  of  the  boundary  for  each  i  gridline  (see  fig.  55, 

Appendix  I)let  these  coordinates  be  9(  - •*  .  After  the  k 

rupture  iteration,,  the  program  tests  the  convergence  of  the  calculations 
by: 

<W  ft-.)  | 

— L  -£  CVLR 

leTl  LVLR 

When  this  condition  is  satisfied  or  when  the  total  number  of  iterations 
is  equal  to  NRP  (Item  8,  control  card),  i.e.  when  k=N/RP,  the  program 
assumes  that  the  calculations  have  converged.  A  typical  value  for  CVLR 
is  10  *. 


When  NRP  *  -1,  set  CVLR  =■  100. 
List>io£iJearin^Ien5th^to^iamejte^Rat^^^P5Eli^6^ 

This  list  gives  the  input  values  of  the  length-to-diamater  ratio,  L/D,  where  L 
is  the  bearing  length  and  D  is  the  journal  diameter.  In  total  there  are  NLD 
values  (Item  3,  control  card) ,  maximum  20. 
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List  of  Bearing  Reynolds  Numbers  {1P5E14.6) 

This  list  gives  the  input  values  for  the  bearing  Reynolds  number: 

wherey*  mass  density  of  lubricant,  l &$•«<*/ *7**^  yU  »  viscosity  of  lubricant, 
U$ -i«< /itch* j  to  *  angular  speed  of  journal,  radians/sec,  R  =  journal  radiaus, 
inch,  and  C  ■  radial  clearance  of  lobes,  inch.  When  Rg  =  0,  the  film  is 
laminar.  In  total,  there  are  NRE  values  of  Rg  (item  4,  control  card),  maximum 
30. 


Data  for  Journal  Center  Position 


Referring  to  fig.  58  (  Appendix  ?T»the  coordinates  of  the  journal  center  with 
respect  to  the  bearing  center  can  be  expressed  by  means  of  the  eccentricity  ratio 
and  the  attitude  angle  ^ j  .  £g  is  the  ratio  between  the  journal  center 
eccentricity,  ,  and  the  machined  radial  clearance.  C,  of  the  lobes: 


The  attitude  angle. 


,  is  the  angle  between  the  static  load  line  (the  x-axis) 


and  the  line  connecting  the  bearing  center  and  the  journal  center,  measured  in 
the  direction  of  journal  rotation.  The  corresponding  coordinates  in  the  x-y- 
coordinate  system  are:  f|  <0Sfe  and  e9^'n<p8  • 


A  given  bearing  calculation  is  performed  for  a  fixed  value  of 
With  this  value  fixed,  is  varied  over  a  range  in  specified  increments 

to  determine  when  the  horizontal  force  Fyt  becomes  zero.  For  each  value  of 
fj  ,  the  program  calculates  the  static  horizontal  force  .  When 

changes  sign,  Fyt  is  calculated  at  the  midpoint  of  the  last  "interval 

and  quadratic  interpolation  is  employed  to  obtain  the  first  "guess"  of  the 
value  of  for  which  should  be  zero.  If  the  corresponding  value  of 

Fy  is  not  sufficiently  small,  as  tested  by  means  of  the  convergence  criteria 
explained  above,  the  latest  obtained  value  of  fj#  is  used  together  with  the  two 
closest  previously  obtained  values  to  calculate  a  new  value  of  by 

quadratic  interpolation.  This  procedure  is  repeated  until  either  the  con¬ 
vergence  criteria  is  satisfied  or  the  total  number  of  calculations  exceeds  the 
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allowable  limit  NAB  (Item  7,  control  card). 


In  total,  there  are  NECA  values  of  Eg  toSf,  (Item  6,  control  card),  maximum  20. 
The  card  specifying  ,  contains  two  items: 


(1PE14.6. 


1.  .  It  can  have  any  value  as  long  as  the  corresponding  eccentricity 

ratios,  tf  ,  fcr  any  of  the  bearing  lobes  do  not  equal  or  exceed  1,  see 
eq.  (B-5),  Appendix 


2 .  NAT  If  NAT  i  1,  the  program  determines  the  attitude  angle  for  which  the 
horizontal  force  is  aero.  Then  NAT  gives  the  number  of  values  of  Cg Sin (fg 
in  the  following  input  list.  Item  7,  control  card:  NAB  should  be  greater 
than  NAT  to  allow  for  several  interpolations  in  determining  fg  (suggested 
value :  NAB  -  NAT  +  3) . 


If  NAT  ^  -1,  no  interpolation  is  performed  to  determine  when  the  horizontal 
force  is  zero.  The  program  calculates  the  bearing  for  each  specified  value 
of  Eg  3 in $5  and  gives  the  results  of  each  calculation  (set  NPUN  ■  -1  or 
-2,  item  11,  control  card).  The  absolute  value  of  NAT,  |NAT(  ,  specifies 
the  number  of  values  of  Sgiinffg  in  the  following  input  list.  Item  7, 
control  card:  NAB  should  be  set  eqv.  ‘o  |NAT|  . 

note:  NAT  cannoc  be  zero.  The  maximum  value  of  NAT  (or  jNAT|  )  is  25. 


This  card  is  followed  by: 


List  of 


Values  (1P5E14.6) 


This  list  gives  the  input  values  of  CgSinfg  ior  the  above  specified  Cgfesfg 
value.  In  total  there  are  NAT  values,  maximum  25.  Eg  Sin^ g  may  have  any 
value  as  long  as  the  eccentricity  ratio,  Cf  ,  of  any  bearing  lobe  does  not  equal 
or  exceed  1,  see  eq.  (B-5),  Appendix  II. 
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If  It  Is  desired  to  calculate  the  bearing  with  a  concent; ic  journal,  set 
and  give  only  one  value  of  f|  Ski  <p#  ,  namely 
Furthermore,  set  NAT  =  1  and  NAB  *  0. 

In  the  case  where  V»sfc=0  and  the  journal  is  not  concentric  in  the  bearing, 
no  value  of  Sin  ^  should  be  zero. 

If  it  la  desired  to  calculate  the  attitude  angle  for  which  the  horizontal  force  is 
zero  (i.e.  NAT  is  positive),  the  values  should  be  listed  in  sequence, 

starting  with  the  lowest  value  (it  may  be  zero  when  €|fo$ ^  Q  ).  The  range 
of  Sin(p8  should  be  large  enough  that  it  includes  the  point  where  . 

Otherwise,  the  program  cannot  obtain  a  solution. 

The  preceeding  input,  namely  the  card  with  and  the  list  of 

values,  must  be  repeated  together  NECA  times  (Item  6,  control  card). 

Bearing_Geome£rjji>Dataiii^lP5Ej^i;62i 

The  bearing  is  made  up  of  NPAD  lobes  (Item  5,  control  card) .  The  geometry  of 
the  lobe  Is  specified  by  giving  the  angles  from  the  static  load  line  (the  X-axis) 
to  the  leading  edge  and  the  trailing  edge  of  the  lobe,  and  by  giving  the  co<- 
ordlnates  of  the  center  of  curvature  of  the  lobe  relative  to  the  bearing  center 
and  the  static  lead  line,  see  figure  5b,  Appendix  II.  The  input  consists  of 
NPAD  cards,  maximum  12,  and  on  each  card  are  four  values: 

1.  ®p,»n  ,  degrees.  This  is  the  angle  from  the  load  line  (the  negative  X- 

axis)  to  the  leading  edge  of  the  lobe,  measured  in  the  direction  of  journal 
rotation  (see  fig.  5§,  Appendix  H)  •  The  value  for  should  be  such 

that:  0^Op,;„  6  3  bO  .  ®P(;„  must  be  smaller  than 

2.  0fjOut  ,  degrees.  This  is  the  angle  from  the  load  line  (the  negative  X-axis) 

to  the  trailing  edge  of  the  lobe,  measured  in  the  direction  of  journal 
rotation  (see  Fig.  58  ,  Appendix  II)'  The  value  for  should  He  in 
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range:  Of,;-  4  ®p,~t  4  360+  0,,;,  (<JW  >  0> . 

3.  ^  .  This  is  the  preload  of  the  lobe: 

1 _ Jk. 

Of  g 

where  ff  is  the  distance  between  the  bearing  center  and  the  center  of  curvature 
of  the  lobe.  C  is  the  machined  radial  clearance  of  the  lobe  (i.e.  the  differenc 
between  the  lobe  radius  of  curvature  and  the  journal  radius.  C  is  the  same  for 
all  lobes).  For  a  cylindrical  bearing,  <Sp-Q  .  For  the  elliptical  bearing  or 
a  three-lobe  bearing,  6p  is  the  same  for  all  lobes  and  equal  to  the  preload  of 
the  bearing  in  which  case  6^^  I  . 

4.  degrees.  This  is  the  angle  from  the  static  load  line  (the  positive  x-axis) 

to  the  line  connecting  the  bearing  center  and  the  center  of  curvature  of  >.ne 
lobe,  measured  in  the  direction  of  journal  rotation  (see  Fig.  58  ,  Appendix  II). 
For  a  cylindrical  bearing,  set  In  the  elliptical  bearing  or  the  three 

lobe  bearing,  set 

COMPUTER  OUTPUT 


The  output  first  repeats  the  input  data  for  checking  purposes  (the  table  of 
turbulent  flow  coefficients  is  not  included).  Then  follow  the  results  of  the  cal¬ 
culations.  Because  of  the  several  output  format  options,  a  complete  sequential 
description  of  the  output  will  not  be  given.  Instead,  the  output  for  the  normal 
type  of  calculation  will  be  described  where  only  the  final  results  for  the  com¬ 
posite  bearing  are  given.  The  final  results  are  in  five  lines  where  the  items  are 
identified  by  the  titles: 

L/D  is  the  specified  length  -  to-diaraeter  ratio  of  the  bearing. 

REYN. NO.  is  the  specified  bearing  Reynolds  number  R  . 

-  ~  e 

ECC vCOS (ATT)  is  the  specified  fixed  value  of  C9(osf9 
ECC+SIN (ATT)  is  the  final  value  of  €9iintf9  . 

ECC. RATIO  is  the  bearing  eccentricity  ratio  Eg  - 

ATT.  ANGLE  is  the  bearing  attitude  angle  a  'tan"*  (fgSin(p9/fjfo$0#)  ,  degrees. 

I  w 

1/S  is  the  inverse  Somerfeld  number  for  the  bearing  :  ^  ~ 
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!ss  horizontal  force: 


F-Y/S*W  is  the  residual  dimensionless 

1/S* (R/C*F/W) is  the  friction  factor:  c  JvT  “  T-  ^*NDL(|)* 

(Q-Z/NDLOSIDE  Is  the  dimensionless  flow  out  of  both  bearing  sides: Og/NDLC if 
(Q/NDLC)  TOTAL  is  the  total  dimensionless  flow  consumption  of  the  bearing:  Q/NDLC 


For  a  lobed  bearing  with  NPAD  lobes,  the  total  flow  is: 

0  (yktn  Aktv<  fuAntity  it  a t(j*i 

(B-13) ,  Appendix  II) 


KrAD 

g  f(H  + 


i  ftiUn  l  I 
•V«  / 


(see  remarks  following  eq 
When  NPAD  -  1:  Q=QZ  +  (Qx 

(Q-X/NDLC) CIRC  is  the  dimensionless  total  flow  into  the  bearing  lobes  from  the 
grooves: 

F-X/S*W  is  the  dimensionless  vertical  bearing  reaction:  ~f*°/juNDL  (if  ,  eq.  (B- 
8).  When  Fyo~0,  this  is  equal  to  Ys  ,*««  ty  (S  -Iti 

CMN/MUDL(R/C)2  is  the^  dimensionless  critical  journal  mass  at  the  threshold  of 
instability:  ^TdlTJ)*  »  calculated  from  eqa.  (B-26)  and  (B-2?) . 

FREQ/W  is  the  frequency  ratio:  V  ,  at  the  threshold  of  instability. 

*  i  /Vi^ 

(FREQ/W)**2  is  the  square  of  the  instability  frequency  ration;  Jr  s  (&/  , 

calculated  from  eqs.  (B-27) .  When  Jr*  is  negative,  there  is  no  Instability 
threshold. 

CKXX/SW  is  the  dimensionless  bearing  spring  coefficient  for  the  x-direction: 

jjw  =  ^NOUg)*  »see  e<*  (®-12) 

CKXY/SW  is  the  dimensionless  bearing  cross -coupling  spring  coefficient  for  the 

£JSqr  -  — C,y»g., 


x-direction: 


5W  *  yuWUg)’ 


CKYX/SW  is  the  dimensionless  bearing  cross  -coupling  spring  coefficient  for  the 

-  _ cty 

S  W  /an  PU$f 


y-direction: 


CKYY/SW  is  the  dimensionless  bearing  spring  coefficient  for  the  y-direction: 

fc'-jSbp 

CWKXX/SW  is  the  dimensionless  bearing  damping  for  the  x-direction: 

CouBwt  _  Coj  5 

TvT  >WDL(g)‘  >see  eq*  (B-l3>* 
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CWBXY/SW  is  the  dimensionless  bearing  cross -coupling  damping  £or  the  x-direction: 

'  '  CtoB* 


3 

5W  yu  t/PL 


SI)1 


CWBXY/SW  is  the  dimensionless  bearing  cross -coupling  damping  £or  the  y-direction: 
CWBYY/SW  is  the  dimensionless  bearing  damping  for  the  y-direction: 

5w  fTiebuf^  NDl  ,  R  A 

SOMMERFBLD  NO  is  the  Sommerfeld  number:  5  s  ( ~Q~I 

F-X/W  is  a  second  form  of  the  dimensionless  vertical  bearing  reaction:  ~fWw 

(*  I  » 0 ) 

F-Y/W  is  a  second  form  of  the  dimensionless  residual  horiaontal  force: 

(1t/Q*(F/W)  is  the  most  usual  form  of  the  friction  factor:^  §  ,  see  eq.  (B-17) 

U  "  CMhi* 

CMW**2 /W  is  a  second  form  of  the  dimensionless  critical  journal  mass:  yy 
see  eq.  (B-28) 

CKXX/W  is  a  second  form  of  the  dimensionless  bearlnR  spring  coefficient  in  the 

-  CK«» 

x-direction:  yy  ,  see  eq.  (B-18) 

CKXY/W  - 

CKYX/W  -  ^ 

CKYY/W  -  ^ 

CWBXX/W  is  a  second  form  of  the  dlmer.aionlesa  bearing  damping  in  the  x-directlon: 
t  see  eq.  (B-19) 

CWBXY/W 

CKBYX/W  »  tvj^|,r 
CWBYY/W 


The  nomenclature  is: 

xx’  xy  yx’  yy 
C 
D 

eB 


F 

xo 


Damping  coefficients  for  the  bearing,  lbs  sec /inch 

The  machined  radial  clearance  of  the  lobes,  inch 
The  journal  diameter,  inch 

The  eccentricity  between  the  journal  center  and  the 
bearing  center,  inch 

The  static  bearing  reaction  in  the  x-direction,  lbs. 
The  static  bearing  reaction  in  the  y-direction,  lbs. 
The  friction  force,  lbs  (the  friction  torque  ■  RFf) 


■tTTTT*' 


Co 


Spring  coefficients  for  the  bearing,  Ibs/inch 
The  bearing  length,  inch 

The  critical  mass  of  the  journal  at  the  threshold  of 
instability,  . 

The  rotor  speed,  rps 

The  total  hydrodynamic  bearing  flow,  cub. inch/sec 
The  hydrodynamic  flow  in  the  circumferential  direction, 
cub. inch/sec 

The  hydrodynamic  flow  out  of  both  bearing  sides, 

cub. inch/sec 

The  journal  radius,  inch 

The  Reynolds  number  for  the  bearing;  = 

dimensionless  _  , 

c  uN0L/£_) 

The  Sommerfeld  number  for  the  bearing:  j  ~T  yy  \(T' 
dimensionless 

The  static  bearing  load,  lbs 


The  instability  frequency-ratio:  , dimensionless 

The  eccentricity  ratio  for  the  bearing,  Cp* 
dimensionless 

2 

The  lubricant  viscosity,  Ibs.sec/lnch 

The  frequency  at  the  threshold  of  instability,  radians/ 
sec 

2  4 

The  mass  density  of  the  lubricant,  lbs. sec  /inch 
The  attitude  angle  for  the  bearing.  It  is  the  angle 
from  the  X-axis  to  the  line  connecting  the  bearing 
center  and  the  journal  center,  measured  in  the  direction 
of  journal  rotation,  degrees. 

The  angular  speed  of  the  journal,  radians /sec. 


When  it  is  desired  to  obtain  the  data  for  the  individual  lobes  in  addition  to 
the  composite  bearing  results,  NPY/10  in  the  iaput  (Item  9,  control  card) . 
Then  there  will  be  output  for  each  lobe  for  each  attitude  angle  iteration.  Bach 
set  of  output  is  identified  by  the  title:  BEARING  FAD  NO.,  followed  by  the 
number  of  the  particular  lobe  (the  lobe3  are  numbered  consecutively  in  the 
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sequence  a*  given  In  Che  inpuc) .  The  results  are  identified  by  titles: 

SOMMERFELD  NO  is  the  Sommer fe Id  number  for  the  lobe.Sj* 

ECC.  IATIO  is  the  lobe  eccentricity  ratio  €f  ,  see  eq.  (B-5) 

ATT.  ANGUS  is  the  lobe  attitude  angle  ,  see  eq.  (B-6),  degrees. 

CALC.  ATT.  ANG  la  the  angle:  ,  see  Appendix  I,  eqs  (A-64) ,  (A-78) 

and  (A-79) 

fiv# 

_______  _  r#-  j"jyT 

r  it 

F-T/S*W  is  the  dimensionless  tangential  static  force  component  for  the  lobe: ^*5^ 

1 1  Ffm  R  F(. 

1/S*(R/C*F/W)  is  the  dimensionless  friction  factor  for  the  lobe:  ~  7T  WDLf*)* 

/  O,  \ 

(Q-X/NDLC) IN  is  the  dimensionless  flow  into  the  lobe  across  the  leading  edge : 


is  the  dimensionless  flow  out  of  the  lobe  across  the  trailing  edge 


is  the  dimensionless  flow  out  of  the  lobe  across  both  sides  of  the 


lobe:  NbLC 

F-X/S*W  is  the  dimensionless  x-component  of  the  static  force  on  the  lobe: 
“  ,  see  eq  (A-78) 

F-Y/S*W  is  the  dimensionless  y-component  of  the  static  force  on  the  lobe: 


see  eq.  (A-79) 


DFR/SEE  is  the  dimensionless  radial  stiffness:  ,  see  eqs.  (A-59)  and  (A-60) 

DFT/SEE  is  the  dimensionless  tangential  cross -coupling  stiffness:  ,  see 

eq.  (A-60) 

DFR/SDA  is  the  dimensionless  radial  cross -coupling  stiffness:  ,  see  eqs. 


(A-59)  and  A-61) 


Jk 


DFT/SDA  is  the  dimensionless  tangential  stiffness:  ,  see  eq.  (A-61) 

DPR /SLEPT  is  the  dimensionless  radial  damping:  "  ,  see  eqs.  (A-59)  and  (A-62) 

DFT /SLEPT  is  the  dimensionless  radial  damping:  ,  see  eqs.  (A-62) 

DFR/SDADT  in  the  dimensionless  radial  cross -coupling  damping:  >  see  eqs. 

(A-59  and  (A-63) 
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DFT/SDADT  is  Che  dimensionless  tangential  damping:  ^  ,  see  eq.  (A-63) 

CKXX/SW  is  the  dimensionless  stiffness,  x -direction:  »  »««  «q.  (A-70) 

CKXY/SW  -  ,  eq.  (A-71) 

Cm/SW  -  ,  eq.  (A-72) 

CKYY/SW  ■  j  eq.  (A-73) 


CWBXX/SW 

CWBXY/SW 

CWBYX/SW 

CWBYY/SW 


eq. 

eq. 

eq. 

eq. 


(A-74) 
(A- 7  5) 
(A-76) 
(A-77) 


CM,V 

CMN/KUDL(t/C)2  is  the  dimensionless  critical  Journal  mass  for  the  lobe:  (gj* 

CMW**2  /W  is  another  form  of  the  dimensionless  critical  journal  mass:  Cty*»*/Wp 
FHEQ/W  Is  the  instability  frequency  ratio  for  the  lobe: 

(PKEQ/W)**2  is  the  square  of  the  instability  frequency  ratio  for  the  lobe: 

If  ^  is  negative,  there  is  no  instability  threshold  for  the  lobe. 


In  addition  to  these  data,  the  output  for  a  lobe  also  includes  the  results  from 
the  last  rupture  boundary  calculation.  First  is  a  line  giving  the  number  of 
Iterations  and  the  final  error  (the  left  hand  side  of  the  equation  given  in  the 
discussion  of  the  input  data  for  CVXJt).  This  is  followed  by  a  5  column  list, 
giving  the  coordinates  of  the  rupture  boundary.  The  five  columns  are  identified 
by  titles: 

I  is  the  1-lndex  for  the  gridline  (see  fig.  55'  ,  Appendix  . 

BEGIN.  INDEX  gives  the  j  -coordinate  (see  fig.  53  )  of  the  rupture  boundary  at 
the  leading  edge.  If  J-l,  leading  edge  rupture  does  not  occur. 


END  INDEX  gives  the  J -coordinate  (see  fig.  55  )  of  the  rupture  boundary  at  the 
trailing  edge.  If  j  »  M  +1  (item  1,  control  card  in  input),  trailing  edge 
rupture  does  not  occur. 

BEGIN.  ANGLE  gives  the  angular  coordinate  in  degrees  of  the  rupture  boundary  at 
the  leading  edge.  The  angle  is  measured  front  the  line  connecting  the  bearing 
center  and  the  journal  center. 
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KHP.  ANGUS  gives  the  angular  coordinate  in  degreea  of  the  rupture  boundary  at  the 
trailing  edge.  The  angle  la  measured  in  the  same  way  as  for  the  leading  edge  angle. 
Mien  NRW  ^  -1  (item  10,  control  card  in  input),  the  above  data  are  repeated  for  each 
rupture  calculation. 

Mien  NPW  »  -1,  the  output  includes  the  pressure  distribution  for  each  lobe.  It 
is  identified  in  f*e  mitput^by  the  Mtlet  PRESSURE  DISTRIBUTION.  The  dimension¬ 
less  pressure  P  =  W/LO  (see  «<!•  (4-7)),  where  P  is  the  actual 

pressure  in  pai,  is  listed  starting  at  the  leading  edge  of  the  lobe  (i.e.  at  J  *0 
in  figure  55).  The  first  value  in  each  line  is  at  t  -  1  and  the  last  value  is 
at  the  centerline  (i  ■  N) ,  see  fig. -55,. 

When  NPUN  *  1  or  -2  (item  11,  control  card  in  input),  punched  card  output  will  be 
given.  The  first  card  is  given  at  the  start  of  a  calculation  for  a  new  value  of 
the  L/D-ratio  or  new  value  of  the  Reynolds  number  (it  is  only  given  if  NPAD  -  1) . 

The  card  contains  four  values: 

Card  (4K13.51 

1.  L/D 

2.  The  lobe  arc,  degrees  (  ) 

3.  The  relative  angular  location  of  the  center  of  pressure  (  ( 1/0  ~  Oft  ^  )  ) 

4.  The  Reynolds  number  Rg 

This  card  is  followed  by  the  results  of  the  composite  bearing  for  each  value  of 
£g  (“d  NPUN  »  -2,  also  for  each  value  of  £g  5**^0  ),  there  will  be  two 

cards: 

Card  (5E13.51 


1.  €t(osfs 


*•  -O  JO  J 

2.  ^/j  *  (g)  f  the  inverse  Sommerfeld  number 

3.  The  friction  factor:  f  &  ? 

4.  The  dimensionless  flow  across  the  leading  edge:  jjjf* { 

5.  The  bearing  eccentricity  ratio  € g . 
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Card  (5E13.5) 


1.  The  dimensionless  redial  stiffness  for  an  Inertialess  tilting  pad 

5Wl*W  J] 

2.  The  dimensionless  radial  damping  for  an  inertlale*a  tilting  pad: 

w  [«*»  - 

3.  The  dimensionless  stiffness  for  the  y-direction:  & 

4.  The  dimensionless  damping  for  the  y-direction: 

5.  The  attitude  angle  <P*  ,  degrees 
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PH0375;  THE  STATIC  AND  DYNAMIC  PERE8PtANCg  OP  A 
LOBED  BEARING  WITH  TURBULENT  FILM 


M1ET  -  Number  of  film  leynolds  numbers  in  taole  for  turbulent  flow  coefficients 


Table  of  Turbulent  Flow  Coefficients (4B15. 7 


For  each  Keynolda  number,  give  two  cards  with  four  values  per  card. 

First  Card: 

1.  ,  the  film  Ieynolds  number  (dimensionless) 

>•  iCftt,  ,  the  friction  factor  (dimensionless) .  For 

3.  Gy  ,  the  turbulent  flow  coefficient  for  the  circumferential  direction  (dimen¬ 
sionless).  For  0f  <*1*1 

4.  £  jp*  »  the  first  derivative  of  Gy  divided  by  Gy  (dimensionless)  For 

'  V*,  ft  -0 

Second  C£rd: 

1.  3t  jX  ,  the  second  derivative  of  ^divided  by  Gy  (dimensionless).  For 

2.  *  t*le  third  derivative  of  Undivided  by  ^(dimensionless).  For 

3.  r  >  where  C-  is  the  turbulent  flow  coefficient  for  the  axial  direction 

tin  *  ^ 

(dimensionless).  For  5^  s  I 

*•  A  (V  ,  the  first  derivative  of  ^(dimensionless).  It  is  tero  for 
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1.  M  ■  Number  of  finite  difference  increments  in  the  circumferential 

direction  per  lobe  ) 

2.  N  ■  Number  of  finite  difference  increments  in  the  axial  direction 

on  half  the  bearing  length  ) 

3.  NLD  ■  Number  of  L/D-ratios  in  input  list  (I* A lLU&2o) 

4.  NRB  -  Number  of  bearing  Reynolds  numbers,  ,  in  input  list 

(l*NR£*30) 

5.  NPAD  *>  Number  of  lobes  (lANPA&*/2) 

6.  NECA  -  Number  of  h^fa  -  values  in  input  list  (l±UECA*2o) 

7.  NAB  ■  Maximum  allowable  number  of  attitude  angle  iterations. 

8.  NRP;  If  NRP  —  1:  Maximum  allowable  number  of  iterations  to  determine  rupture 

boundry. 

If  NRP  ■  0:  Film  rupture  tables  place,  but  there  are  no  iterations. 

If  NRP  *  -1:  No  film  rupture,  and  no  iterations. 

9.  NPW;  If  NPW  »  0:  Only  the  composite  bearing  results  are  given,  not  the 

results  for  the  individual  lobes. 

If  NPW  •  1:  The  results  for  the  individual  pads  and  the  composite 
bearing  are  given,  but  not  the  pressure  distribution. 

If  NPW  •  !-l:  Same  as  for  NPW  =>1,  but  with  pressure  distribution. 

10.  NRW;  If  NRW  »  0:  No  results  are  given  from  the  rupture  boundary  iteration. 

If  NRW  «*  1:  The  convergence  error  for  each  rupture  boundary  iteration 
is  given. 

If  NRW  ■  -1:  Sane  as  for  NRW  >1,  but  output  also  includes  the  coordin¬ 
ates  of  the  rupture  boundary  for  each  Iteration. 

If  NRW  ■  -2:  Diagnostic  for  rupture  boundary  calculation. 

11.  NPUN;  If  NPUN  ■  0:  The  composite  bearing  results  are  only  given  after 

the  final  attitude  angle  calculation,  no  cards  are  punched. 

If  NPUN  ■  1:  Same  as  NPUN  =  0,  but  the  results  are  also  punched  on 
cards . 

If  NPUN  »  *1:  The  composite  bearing  results  are  given  after  each 
attitude  angle  calculation,  no  cards  are  punched. 
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^-T,'--i-3^Z  r'-  "'**"  r^rj 


If  NPUN  »  -2:  Same  as  NHJN  -  -1,  but  the  results  are  also  punched  on 
cards. 

12.  INF;  If  INP  -  0:  More  input  data  follows  the  present  set  of  data,  starting 
with  the  text  card. 

If  IMF  ■  1:  This  is  the  last  set  of  input  data. 

Card  {1FSE14a62 

1.  CVLA  ■  Convergence  limit  for  attitude  angle  calculation. 

2.  CVLK  »  Convergence  limit  for  rupture  boundary  iteration. 

List  of  L/D-Ratios  (lF5E14.fi) 

Give  NLD-values  of  the  length -to-diame ter  ratio,  L/D,  5  values  per  card. 

List  of  Bearing  Reynolds  Numbers  (1P5B14.6) 

Give  NKK-values  of  the  bearing  Reynolds  number,  S  values  per  card. 

Data  for  Journal  Center  Position 


The  following  two  input  items,  namely  the  card  with  and  the  list  of 

€g  S****p6  >  oust  be  repeated  together  NECA  times  (Item  6,  control  card). 

Card  (1PE14.6.  15) 

1. 

2.  NAT;  If  NAT  *  1:  Number  of  -values  in  input  list  which  follows.  The 

program  iterates  on  the  attitude  angle  to  make  horizontal 
force  zero  (14  NAT  4  25) 

If  NAT  -  -1:  The  absolute  value  of  NAT  gives  the  number  of 

values  in  input  list  which  follows  (l 4  |NAT|  4  25).  No  attitude 
angle  iteration  takes  place.  Set  NAB  ■  |NAT|  ,  Item  7, 
control  card. 
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List  of  Values  (1P5Z14.6) 

Give  |NAT|  -values  o£  5  i'n ,  5  values  per  card. 

Bearing  Geometry  Data  (1P5E14.6) 


Give  NPAD  cards  (Item  5,  control  card).  Each  card  contains  4  values: 

l*  ©in  ,  degrees.  The  angle  from  the  load  line  to  the  leading  edge  of  the  lobe 

2.  .  degrees.  The  angle  from  the  load  line  to  the  trailing  edge  of  the  lobe 

3.  •  The  lobe  preload  (  0- cTp£|)>  dimensionless. 

4.  .  Preload  angle,  degrees. 


>SETUP  At  6)  OIS*,PUNCH 
'SIBJ09  ■  MAP,ALTIO  ,NOGO 

tiBFTC  MAIPRO  DECK 

~t  MECHANICAL  TECHNOLOGY  INC..  J.  LUND,  5-25-67 

C  PN9375  •  PARTIAL  ARC  OR  LOBEO  BRG.  TURBULENT 

!  BmPJ5W  0(3?,l3, 13) ,GI  37.  13. 131  4BI 37, 13)  ,£{37, 131, FI  37,13)  . 
1PI37|13)»ALFAPI37»13)»AL FAN  137,13  ), H32137)  ,.THA  (37),  AG  107)  . 
H<r4(3TTYCSl37),SSi37>,BTI37),Klt37>,JSXtl>),JEX(13>,SXtl3).,£Xtl3), 
3THSI 13> ,T HE  II 3 ) 

TWlM&N  D,  6,3, E,F  «  P,  ALFAP,  ALFAM.H32.THA,  AGl^AGA.CS.SS.BT.KI  ,JSXt 
1JEX,SX.EX,TKS,THE,0X,02,CSI I , ALPH 

ITnrarciTJ?rTJ>rr255T7CFRl  250),  GXCI  250  ),GXl  1 250  ),GX2I  250  >,GX3I250), 
1GX4I250) ,GX51 250>,AL0S( 20), REYN I  30) ,ECASTt  20), NATS! 20) ».THNI  12 ) , 
2THTT12  J ,PRL0(12).PRAN(12),ESAS(25),AG2(37)  ,AG31 17),AF1I37) , 
3AF2.37),AF3(37),  AF4I  37) ,  AFSt  37) ,  AF61 37)  ,  AF71 37 1 ,  AFBI  37);,  AF  91 37 1., 
4tFFIT2),  Ci 13),FXP112),FYP(12),QZT(12),QXL(12) ,QKTI12>, 

5SXXPI 12),SXVPI 12  t.SYXPI 12),SYYPI 12),BXXPI12),BXYP( 12) .BYXPI12), 

- 5iv?mH7TniTYr3T7HHNri?),ifiM(i2) 

DIMENSION  ESASTI 20, 25), A( 13, 13), AM  13.13), GK (13,1) 

00  TO  1*1,12 

10  IHHIl  )«I 

HEAD! 5,98)  NRET 
00  11  I-l.NRET 

- READ! 5', wnramTcnTDTO n  ,'gx  im  - 

11  READ! 5,99 )  GX2I I  ) ,GX3II) ,GX4t I ) , 5X5 1  I ) 

- KPCiNL-l .  . . 

12  READ! 5.100) 

ReAfMS.TOl)  rt,N,NLD,N*E,NPAO,N£CA»NAB,NRP,*PW,NRW,NPUN,INP 

_ REAP! 5, 102 )  CVLA.CYLR _ 

I1RI1T<6,100) 

WRITE  16, 104 ) 

KR1TE(6,103TM,N,MLO,NRE,NPAO,NECA,NAB,NRP,NPW,NRW,NPUN,INP 
WRITE 1 6, 106 1 
W A I TS 1 6 , 102)CVLA, CVlA 
WRITEI6.107) 

- ffnCTT,  172)  I ALDS I !  )‘,1  -TTNLdl  ~ 

_ ‘  WRITE  1 6, 102) ( ALOSI I  ), I*1«NLD) 


WRITE  16, 108) 
TSllfTa,  102)  I 

WRI TE  16* 109) 


L.'nRET 


READ! 5,103)  ECASTI I  I ,NATSf I ) 

J1*UbSINAT$«  ITT  . . 

READ! 5, 102 )  I ESASTI I , J ) , J-l , Jl ) 

wSTteTbYi  io~)  ecasti  i )  .natsT  IT 
WR1TEI6.111) 

WR ITE  (6  ’  1 12 ) 

WRI  TE  1 6, 1 1 3 ) 

00  14  1*1 ,NPAD 

REAOi 5, 102T  THNI I ),THT« I ) »PRLD! I ) ,PRANI I ) 
14  WRITEI6,102)THNI 1 1 , THTI I ) ,PRLDI I ) , PR AN! I ) 

TT3*mnL . 

Nl-M-1 

N2-M-2 

NC*N+1 

HH*H 

NLDl*l 

“20  “ALO*aI DSVNLOl  I - - 

C2«N 

0Z-.AL0/C2 
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061X3-1. O/OZ/DZ  63 

OZ2-OELX3+DELX3  64 

SP02- 1.0471976/C2  69 

SP03-0.021816616/C2  64 

SPD4-.0.  785398 16/ C2  67 

SP05-0.34  36332 31 /AL0*C2/ALD  64 

SPO&-0. 17453293/  C2  69 

NR61-1  70 

21  R6-*Er.NINR61)  71 

N3CI-1  72 

22  ECA-SCAST (NcCl)  7) 

NAT —MATS  t NcCl 1  74 

IF! NAT)  23,24.24  73 

23  NAB1— NAT  76 

JI-NA81  77 

GO  TO  25  76 

24  NA81-.NAQ  79 

Jl-NAT  80 

29  CC  26  J-l.Jl  81 

26  ESASC  JI-ESAST (NcCl, J I  62 

ESA-ESASU)  83 

NA-1  84 

NA1-9  89 

NA2-1  86 

32  IPO-1  87 

34  DX-(THT< IPOI-THNI IPO) ) /HM*0. 017453293  88 

06LY3-1.0/0X/0X  89 

DX2-OcLY3*0£LY3  90 

SP0-SP06-DX  91 

IF(NA-l)  30,27,30  92 

27  IF(NPUN)  28,30,29  93 

28  IP(NPUN+1)  29,30.30  94 

29  C1-THT< IPOJ-THM IPO)  95 

C2-(18C.0-THN(  IPDH/Cl  96 

HP  I Tc 113, H4)AL0,C1,C2,R6,NPUNI 

NPUNl-NPUNl+1  96 

30  CI-0.0174532934PRANI IPO)  99 

C2-S IN ( Cl )  100 

Cl-CQS/Cl)  101 

Cl«ECA-Cl*PRLD( IPO)  102 

C2-ESA-C2 *PRLO( IPC)  103 

ECC-SORTI C1*C 1+C2*C  2 )  104 

IF(l.y-ECC)  15,15,18  105 

15  HR  I  Tc ( 6 , 140 1  IPO  106 

IF(N4-NA81)  16,17,17  107 

16  NA-NA+l  108 

GO  TO  443  109 

17  HR  I  T5  ( 6*  l  34 )  HO 

GO  TO  485  HI 

18  ATP-T  ANV  (  C 1 ,  C2  )  H2 

CI-.ATP+180.0  H3 

KRB-l  H4 

KRE-l  H5 

KBE-1  H6 

C2-THNJ  IPO)  H7 

C3-C2  +360.0  118 

C4-THT ( IPO)  H9 

C5-C4-360.0  120 

35  IFICl-360.0)  37,36,36  121 

36  Cl-Cl-360.0  122 

GO  TO  35  123 

37  IFIATP-C4)  39,38,38  124 
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38  lFICt-C4>  >',43,43 

39  JFUTP-C:)  40,40,44 

40  IFUTP-C5  t  44,41,41 

41  IFCC2-CU  45,42,42 

42  IFIC1-C9I  49,43,43 

43  KBE  —  1 
60  TO  49 

44  RPB-0 
KBE-6 

45  IFIC1-C4I  46,49,49 

46  IF! C1-C2)  47,47,48 

47  IF1CI-C5)  48,49,49 

48  RRE-0 
K8E-0 

49  013-0.0* 

CSII-C2-ATP 

ALPH-C4-C2 

C 3- 0.0 174 53293*0 SI  I 
00  60  J-l,N8 
C1-C0SIC3I 
C2-SINIC3I 
CSIJI-C1 
_ SSIJI-C2 

'immjacs 

C4-ECC*C1 
C5-ECC*C2 
C6-1.0*C4 
C7»C5*C5 
CB-SQRT (C6) 

- C^-«*C8 

IFIRE)  50.50,51 
"  Wot-i.o 

02-1.0 _ 

03-0.0 
04-0.0 
“  05-TS^O 

06-0.0 
'  07-1.0 

012-1.0 

GO  tO  56 . 

51  C8-RE*C6 
00“5fl?5T7llRET 

IF| DB-RHI K ) I  52,52,53 

52  09-RH|K)-RHU-l» 
06-(RHIKI-08)/09 
07-1 08~RHC  K- 1 ) )/09 
01»06#GXC(K-1M07*GXC(K) 
012«06*CFR<K-1)+07*CFR(K> 
014-06*0X41 K-l l+D7*GX4(K) 
C2-SQRT 1 01 ) 

Q3-R5*l06*GXKK-n*07*GXl<K)  ) 
‘  D4-RE*f 06*GX2(K-1  l*D7*GX2(K) ) 
05-RE*(06*GX3(K-l)*07*GX3<K) I 
06-R  =  *I06*GX5(K-l  J*l)7*GX5<K>  ) 
07-014 
GO  TO  56 

53  IFINRET-K)  54,54,55 

54  08-RHIK I 
GO  TO  52 

55  CONTINUE 

56  0ll-C9*02 
H32I  Jl-iUl 


MTI-30* 


010>1.0/<C6*C6t  107 

08*1*  5/C6+0.  5*03  180 

09-0. 75*010*( 1*5/06-0# 25*03  >*03*0.5*04  180 

010— 0*  375/06*010+0*  3 75*03* C  3.0*010-04— 04*03*1 03-3.  3/06 1  I  190 

1*2.25/06*04*0. 5*05 _  191 

AGim-07  192 

_ *G2( J )-C 1*06*011  195 

AG3U  1-02*06*011  194 

_  04*01908  195 

05*02*08  196 

06-07*09-04*08  _  _  197 

AG4(  J  l-oV  . .  190 

_ AFll J  >-(-Ci*08*(  2-0*05*02— C4*C1 1  *09*'C7*C  1*010-04*06)  *013  199 

AF2(J 1-104*05-02  1/011*6.0  200 

_ AF3IJI-12. 0/011*01  201 

AF4(j>  — 04  202 

AP5IJ1— 06 _ _  203 

A^64J)>- 6.0/011*02  204 

_ _ AP7(  J  l-(-C2*0>-(  2«0»C3»C  1*04*02 1*09*07*0  2*010-03*06)  *0tl  205 

AF0(  J )■ (05*05*01 >/Dli*6.0  206 

AF9(J>— 05  _  _  207 

014-O12/C6*0X . .  208 

IF( J-ll  67,67,57  _  209 

57  RUE-55”  210 

_ GO  TO  58 _ _  211 

57  IFIMB— Jl  68,68,59  212 

65  HTE-C6  213 

58  014-0.5*014  -  --  214 

59  013-013*014 _  _  _  215 

6b  C3*C3*0X  .  '  216 

IF(KRE>  70,69,70  217 

69  HMNdPOI-l.O-ECC  218 

GO  TO  73  219 

iO  IF(HLE-MTE)  72,72,71  220 

71  HHN(IPQ>*HTE  221 

GO  TO  73  *  222 

72  HHN( IPOI-HLS  _  223 

73  C5-NB  224 

00  63  J- 1 , MB  _  225 

BTIJI.-UO  226 

NIUI.-1 _ _  227 

00  62  I-liN  228 

JSXU  1-2  229 

JEX(I)-M  230 

_ SXin-1.0  231 

EX(I).-C5  232 

THSm-CSII  233 

TRETlT-CS  t  f*AL?H  234 

ALFAHIJ,! 1-1.0  235 

62  A(.FAP(J,n-1.0  236 

63  CONTINUE  237 

~  JS-l  238 

JF-MB  239 

J?T-2  “  240 

JFl-NB-1  241 

NIT-0  242 

ERR-l.O  243 

IF(NPH)  65,64,65  244 

64  IF(  NRiMI  65,66,65  245 

65  HR  IT E (6, 1 16 )  I PO  ~  . .  246 

66  IF(XBE)  423,301,301  267 

301  DO  303  1*1, N  248 
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00  902  K-l.N 
Ct4S»I.K)-0.0 
902  0I4S..I, JO-O.O 
GI4S«.I»1)-1.0 
OKI t»l)-0.0 
56*  303  4*1.  KB 

_ __pt4.n-o.o 

eij.i »-o.o 

303  FI4.I 1-0.0 

00'  326  4*4S1,4F1 

C1-AF3I4I 

C5*5¥6Tji 

C3-AG1I41 

C4-C3*0£LX3 

_  00  309  1*1. N 

>14,11-6.0 
OO  304  K*l,N 

tot  ATr.ttv-~q;~g — 

Bf J* 1 1-0.0 

tin*o.o 

309  FI4.II-0.0 

KjSSlTJl 

R41-M4-1 

- msr.TS - 

IFIK41I  306.327.311 

. iW'0'0  316  l*i.N"  , 

All. I 1-CI-0ELY3-0ELV3-C4-C4 
8 1 4  .TT-06  L  V  3 
Cl 1 l*0ELY3 

F*i,U-d2 

IFIN-ll  307.307.308 
147  Ana-l»*C4*C4 
60  TO  310 

304  Al I , 1+1 l*C4 
IFI1-1I  310.310.309 

104  AII.I-IUC6  ' 

310  CONTINUE 

- 53-74-320-" 

311  BT1-BTI4I 
- KT312  t*i.K4 1 

312  A 1 1.1 1  —  1. 0 

127  BO . 319  1*0.71-  ' 

C9-ALFAPI4.il 

- ZW^KTSMTT,  I ) 

D1-C5+C9 

01-6X27151* 

_ 02-01/C9 

&1-0II/M 

C9-0X2/C5/C9 

- FI4.IT-C2 

IFII-KJ1)  313.313.314 

313  C6-TI-C9-0Z2/BT1*C3 
C8-022/ Cl»0*BTl)*C3 

- C7*Ca/8Tl 

60  TO  315 

3f*~C6-Cl-C9-0Z2*C3 

C8-06LX3*C3 

C7-C8 

315  A| I.II-C6 

1FCN-I >  317,317,316 

316  AII»I-1I*C7 
*1 I.I+1I-C8 


\ 


249 

250 

251 

252 

253 

254 

255 

256 

257 

258 

259 

260 
261 
262 

263 

264 

265 

266 

267 

268 

269 

270 

271 

272 

273 

274 

275 

276 

277 

278 

279 

280 
281 
282 

283 

284 

285 

286 

287 

288 

289 

290 

291 

292 

293 

294 

295 

296 

297 

298 

299 

300 

301 

302 

303 

304 

305 

306 

307 

308 

309 

310 


-206- 


GO  TO  318  HI 

317  A(l,t>l)«C?*C8  312 

318  81  J,  I  )*DL  »» 

cm«u2  Ji* 

319  CONTINUE  215 

320  CO  322  I* 1»N  218 

CO  321  K*l,N  31? 

321  AK(1,.K>-A(I,K>*B<.J,I)«0(.J-1,I,K)  318 

322  CONTINUE  319 

CALL  MAriNV(AK,N,GK,3,0ET,lD>  320 

GO  TO  (32**3231,10  321 

323  NRITE(6,139) IPO  322 

GO  TO  *29  323 

32*  CO  323  I*l.N  324 

00  325  K«l,N  323 

C5-AK(I»K)  326 

G( J, 1 »K)*C5  327 

325  0(J,t,K)  —  C5*C(K)  328 

326  CONTINUE  329 

CALL  PRESS**  JS1,JF1,N,NRP)  330 

IF(NRW)  3*1,3**, 3**  331 

3*1  MRtTE(6,117)NlT  332 

WRITE (6, 1 18  I  333 

00  3*2  I»1,N  33* 

3*2  URITE(&, 119)1, SX(  I)  ,EX(  l  ),THS(l),THE(U  339 

IF(NRW*1>  3*3, 3**, 3**  336 

3*3  MR  I TE (6, 1 20 )  337 

3**  00  3*7  J* JS, JF  338 

C3*H32(J)  339 

00  3*5  1*1  »N  3*0 

C**.£(  J,  I  I./C3  3*1 

EIJ,!)-C*  3*2 

3*5  P(J,I)*C**ECC  3*3 

!F(NR»»1L  3*6, 3*7, 3*7  3** 

3*6  NRITE(6,121)I?IJ,I),I*1,NI  3*5 

3*7  CONTINUE  3*6 

CALL  SIMP (N»FR,FT )  3*7 

FR*SPO*FR  3*8 

FT*SPO*FT  3*9 

8R0A*/-FR-FR  350 

BTOA*-FT-FT  351 

‘  FR«ECC*FR  352 

FT«ECC*FT  353 

SHFV*SQRT(FR*FR*FT*FT)  35* 

IF(SHFV)  *23, *23, 3*9 
3*9  SHF-1. O/SPFV 

ATT«TANV( FR.FT )  356 

CFP1 1P0)«3.1*15927*D134C.5*6CC*FT  357 

Cl *0.017*5329 3* ATP  358 

CATP-.C0S  (Cl)  359 

SATP-SINICl)  360 

FXPIIPD)*FR*CATP*FT*SATP  361 

FVP( lPO)»FT*CATP-FR*SATP  362 

(F(KRB)  351,362,351  3eJ 

351  IFl (N/2)*2~N)  352,353,353  36* 

352  QXS»16.3*P(2,NI-*,0*P( 3,N)  -  365 

Jl»N-2  366 

GO  TO  35*  367 

353  GXS-2,0*P(3,NI-«.0*P(2,N)  368 

Jl*N-l  369 

35*  CO  355  I*l»Jl,2  »  370 

355  QXS*QX$O2»0*P(2, I)-8.0*P(3, I)*16.0*P(2, !♦! )-*• 0*P( 3, !♦!! )  371 
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CXS*i.9?Om3«(UO*ECC»CSmi-SPD3«QX$/OX*fH32m«*2)  372 

IF(K6;1  317,167,357  371 

397  !FHV2»*2-Nl  396,359,399  376 

359  GXI«16,3*P(H,N»-6.0*PIN1,NI  379 

Jl-N-2  376 

50  TO  360  377 

399  CXE*2*0»P(M1,N)-S.0«P(M,NI  378 

Jl-X-l  379 

360  CO  361  I«l,Jl,2  380 

361  CX6«OX5*12.0*P(M,  1 ) -6.0*P(M  1,  t)  ♦IS.  0*P  ( 9,  U-6,0*P  <M1 , 1 »;  381 

9XE«1»5707961*(  1»0»ECC*CS(MB  )  1  +  SP03PQXE/DX*  1H32  ( M81.**2L  382 

GO  TO  372  383 

362  CXS-9.0  386 

CO  366  U  1,3  385 

CI*THS( 11/57, 295 78  386 

C1*.1»0*:CC*C0S(C  1 1  387 

IPI  1—2 1  163,166,366  388 

363  Cl».6,0*Cl  369 

GO  TO  366  390 

366  IFlN-tl  366,366,165  391 

369  C1-CL«C1  392 

366  QXS-QXS+Cl  393 

QXS>SP06*QXS  396 

GO  TO  356  395 

367  QXE-0.0  396 

00  371  t»l,N  197 

C1*1«0+ECC*C0S(THE( 1 1/57,295781  398 

IFII-2)  368,371,369  399 

368  Cl*6» 0*C1  600 

‘  GO  TO  371  60 1 

369  IFI1-M  371.371,370  6l2 

‘  370  CWC14C1  6  03 

371  QXE-0XE4C1  6,6 

QXE«SPD6*QXE  605 

372  CZ2«AGl<H)MH32tH)**2)*(  16.0*P(M, 11-6, 0*fMH, 2)1  606 

Jl-2  607 

IF(CN/2)«2-H)  373,376,376  606 

973  C22-02243.0**G1(2)*(H32»2I**2)*«6,0*P(2,H-P(7,2M  609 

l-0,25*»r,l(3l*(H32«3»**2)*(6,0*P(3*l)-P(3,2n  610 

ii-3  6ii 

376  DO  375  J-J1,M2,2  612 

lf73  0Z2«02246#0*6G1I J  1*1H321  J I**2)*I6»0*P1  J*  II  “P(  J..7 1 1  613 

l«2.0«AGl<  J*1)*(H32<  J*l)**2l*<6.0*Pf J*l, l l-P (1*1,21)  616 

Q2TUPDI-$P05«CX*gZ2  615 

QXl(IPO)*QXS  616 

QXTUPD1-QXE  617 

_  ERR-0.0  618 

IF1NRPI  367,387,380  619 

380  IF1K8EI  387,381,387  620 

381  SRR«ECC  621 

CALL  8UPT |M,N,KRB,XR£,NRW,JS,JF, JSl.JFl.ERR 1  622 

NIT«NIT*l  623 

IFMRWI  382,383,  382  626 

382  HRITEI6,122)N<T,cRR  625 

Jl»l  626 

383  TFINXMI  386,385,385  627 

386  HR  t  TS  ( 6, 1 26 1  628 

HR 1TE (6, 1231 SMF, ECC, ATP, ATT , FR, FT  629 

HRITE(6,125I  630 

HRITE(6,1231CFP( I PO ) , QXS.QXE , OZ Tl  IP01 ,FXP( 1P0I ,FYP( IPO);  631 

(FIJI)  388,388,385  632 

385  IFICVLR-ERR)  386,387,387  633 


386  IF(NRP-NIT-)  387,3C1,301  834 

387  Ji>0  833 

IF(NPW)  388*392*  388  836 

388  MRITE(6,122)NtT,ERR  837 

_ MR  I TE (6*118)  838 

CO  389  1*1, N  839 

389  MRirE<6*119)l.$X(I)*EXm.THSm,THEU)  880 

IF(NPM)  390*392*392  881 

390  MRITE (6* 120)  882 

DO  391  J*l,NB  883 

391  NRIT€(6,121)(P(J* I)*t-1*N)  848 

392"  od' 393  J*1,MB  885 

00  393  1*1, N  886 

ElJ.D-0,0  887 

393  P(Jj*l)-0.0  888 

00  802  J*JS1,.JF1  889 

_ C1*AF1( Jl  850 

Cl-^nr  831 

_ _C3*-AG2(J)  832 

R J*Xl  I J )  “  853 

_ IF(KJ)  398*398,393  858 

398  KJ*l  855 

393  00  801  I*KJ,N  856 

R^TiTn  *57 

_ jFMMU)  396,396,397  _  858 

396  C5*0,0~  *  859 

_ 00  TO ‘398  860 

397  C5«JM  j*  I~1 )  861 

398  IF(N-t)  399,399,800  862 

T99~£6*tt -  863 

_ GO  TO  801  868 

800  C6*P~(J».l4l )  865 

_ 801  JMJiJ )«C1*C8*C2+C380ELX3*(C5*C6*C8-C8)  866 

802  CONTINUE  867 

_ CALL  PRE5S< JS1.JF1,N,-1)  868 

66  808  J*JS,JF  869  . 

_ Cl»H32(Jl  870 

C2-AF4U1  871 

_ 00.803  1*1, N  872 

803  EIJ,1)-£(J,t)/Cl*C2*P(J,I)  873 

808  CONTINUE  878 

EalL~SIMP(N,CI,C2)  ‘  875 

_ ORD£*SPO*C1  876 

6tD£*SPO*C2  877 

00  813  J»JS1,0F1  878 

CI-AF7CJ)  879 

__  C2« AF8I J  L  880 

C3— AG3(J>  881 

NJ*KI(J)  882 

IF(KJ)  805,805*806  883 

805  KJ«l  888 

806  00  812  I«KJ,N  885 

C8-P(J,  I)  886 

IFU-KJ)  807,807,808  887 

807  C5-0.0  888 

GO  TO  809  889 

808  C5»P(J,I-l)  8«*0 

809  IFIM-I)  810,810,811  891 

810  C6-C5  892 

GO  TO  812  893 

811  C6-PU,(*l)  898 

812  F(J,1 )«C1*C84C2*C380ELX3*(C5*C6-C8-C8)  895 
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413  CONTINUE  496 

CALL  P*5$SIJS1,JF1,N,p1)  497 

00  415  J«JS,JF  498 

C1-H32IJ1  499 

C2>AF9IJI  300 

■  00  414  iRltN  301 

4t4  Cf 4,11-EI J»II/Cl«C2*P(Jf II  302 

"  4 13  CONTINUE  303 

CALL  $IHPIN,CI,C2I  304 

0R0A*SP0*C1  305 

0T0A*SP0*C2  306 

00  419  J4JS1,.JF1  507 

CI-AF3IJ)  508 

XJ-XIU)  509 

IMKJI  416,416,417  310 

416  NJ41  311 

417  00  416  UXJ,N  512 

418  Ft  J«1 I»C1  313 

419  CONTINUE  514 

CALI.  PR€SSUS1,JF1,N,-1)  515 

W  421  JaJS,JF  516 

C1-H32IJI  317 

00  420  !*l,N  318 

*429  ElJ,t»«E<J,II/Cl  519 

421  CONTINUE  520 

CALL  SIMPIN.Cl.C2l  321 

BR0E%$P0*C1  522 

8TOE*SPO«C2  523 

Cl-OltOE*CATP«OTOc*SATP  524 

~C2»0«0A*CATP40T0A4SATP  525 

SXXPI IP0)«C1*CATP-C2*SATP  526 

SXYPI  IP0)-C1*SATP«C2«CATP  527 

C1*D*0E*SATP-0TDE*CATP  528 

C2«ONOA*SATP-OTOA*CATP  329 

SYXH IP0I-C1*CATP-C2*SATP  530 

$YYPIIP0I-C1*$ATP4C2*CATP  331 

Cl>Bft0E*CATP*BT0c«SATP  532 

C2«B90A*CATP4BT0A*SATP  533 

BXXPI IPfH«Cl*CATP-C2*SATP  534 

BXYPI1P0I-C1*SATP*C2«CATP  535 

ClaBR0E»SATP-8TDE*CATP  536 

C2*BROA*S ATP-BTDA4C ATP  537 

8YXPI IPDI»Cl*CATP-C2*SATP  538 

BYYPI IPD)»Cl*SATP4C2*CATP  539 

Cl« ISXXPI IP0I98YYPI IPD)4SYYPI IP0'«8XXPI IPO l-SXYP I  IPO >*BYXP 1 1  PD)  540 

l-$VXP|IPOI*BXYPI  IP0H/I8XXPI  lPO»*rtYYPI!PO)).  541 

C2-IISXXPI IP0)-CI)*ISYYP|IPD)-C1  I-SXYPI  IPD)*SYXPlIPO> )/  542 

IIBXXPI  IPOI*HYYPI  IP0)-BXYPI  IPOXBYXPi  IPO)  >  543 

CI-C2/C1  544 

C3a$QRT|A8SIC2)  I  545 

C4«SMF*Cl  546 

Cl »C 1/39, 478418  547 

IFINPHI  422,425,422  548 

422  HRI Tc 16, 1 26 )  549 

WRITEI6»123)DRCE»CTD6»DRDA, OTOA, BROE , BTOE, 8R0A,BT0A  550 

WRITE (6, l 27 I  551 

WRITE (&• 123 1 SXXPI IPO) • SXYPI I PO) , SYXPI IPO  I , SYYPI I PO) , BXXPI I PO I ,  552 

1BXYPI IPO) ,8YXP< IPO) ,BYYPI IPO)  553 

WRITEI6,128)  554 

MRITEI6,123)C1,C4,C3,C2  555 

GO  TO  425  556 

423  CFPIIPD)*3. 1415927*013  357 
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CXI  1 1  PD  I*  l*  5707963*1  UO«ECC*CS(  1)  ) 
OXTUPOI-OXU  IPO) 

QZTIIPOIO.O 
FXPIIPD>«9.0 
F  YP( I PO) ■ 0»  0 
SXXP( IPDI-0.0 

sxrp(  ipoi.«o»o 
syxp( ipdi«o,o 

SVVPI IP0)»0,0 
0XXPI IPOI-O.O 
8XYPI IPDI.-O.O 
8YXPI IPDl-O.O 
0YYPI IPD)»0.0 
IF  f  MPh I  424.423,424 

424  MRI TE (6, 129) 

MRITEI6.130) 

M8ITE<6,123)CFP<  IPO). QXL  ( IPO  ) 

429  IPO«tPO*l 

IFMPAO-lPO)  426,34.34 

426  FXBO.O 
FYB-0.0 
SXXrt-0.0 
SXY9«.0#  3 
SYXtt-0,3 
SYY3-U.0 
BXXtt^O, 3 
BXYd^G.u 
BYX0-.0.3 
9YVHO.0 
RCFW*3«? 

CXLB-G.3 

C2TB«0«0 

CdT-3,0 

03  432  Ul.NPAC 
IFINPAO-I)  427,427.428 

427  Cl«QXT(H-QXLm 
GO  TO  429 

428  Cl«OXTU)-QXL(  !♦!) 

429  IFICl)  433,430.431 

430  Cl-0.0 

431  C8T  *OBT +C 1 
CXLB*gXLB+QXL( n 
CZT3«,QZTB*QZT  (  I) 

PCFW».rtCFM4CFP(  I » 

FXB-FXB4FXPI I ) 

FYB-FYB4FYPJ I ) 

SXXB»$XXB*SXXP(I ) 

SXYH»SXYH*SXYPI I ) 

SYX8«$YXB»SYXP< I ) 

SYYB-iYYti  +  SYYPUl 
BXX9-.8XXB4BXXPI  I  ) 

BXYB«BXYB4BXYP( I » 

EYXB-.BYXB+BYXtM  I  » 

432  BYYB*dYY8  +  8YYPm 
QBT-QBT+OZTB 
IF(MPAO-l)  436,436,437 

436  OBT«OZTH*QXT( U 

437  S*FV«S0RT(FXB*FX84FYB*FYBI 
IFMPM)  435,433,435 

433  IF(NAT)  435,435,434 

434  IFINPUN)  435,440,440 

435  MR  I TE (6 , 1 32 ) NA 


59$ 

959 

960 

961 
56  2 

963 

964 
969 

966 

967 

968 

969 

970 

971 

972 
573 
974 
573 

576 

577 

578 

579 
583 

581 

582 

583 
5B4 
585 
596 

587 

588 

589 

590 

591 

592 

593 

594 

595 

596 

597 

598 

599 

600 
1 
2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 
19 
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BAITE(6,l31)e$A,FY8 

20 

M817CI6. 133-1 

21 

UR1TE(6,123)FXB,  RCFM, Q2TB, Q8T, QXL8,  SMFV 

22 

WRITE 16*1271 

23 

WRITSI6,123)SXXH,SXV8,SYXB,SYY8,BXX8,BXY8,BYXB,3YY3 

24 

440 

IFINA-NABl 1  442,441.441 

25 

441 

WRITE  16, 134) 

26 

GO  70  475 

27 

442 

N4-NAU 

28 

IF! NAT)  443,441,444 

23 

443 

ESA-ESAS(NA) 

30 

GO  70  32 

31 

444 

IFIFXS)  446,445,447 

32 

445 

FXB-1.0 

33 

444 

IFINA1I  447,452,447 

34 

447 

IFICVLA»ABS( FYB/FXB ) )  448,475,475 

35 

448 

IFINAl)  455,449,454 

36 

“444 

IFINA2I  451,451,450 

37 

450 

NA2-0 

38 

GO  TO  452 

39 

451 

!F<FYB«XU)>  453,475,452 

40 

452 

Xlll^FYB 

41 

Y(1)-.ES  4 

42 

GO  TO  443 

4  3 

453 

NAl-l 

44 

XOIaFYB 

V  ' 

Y13)%ESA 

4 

ESA-mi)*ESA)/2.0 

47 

GO  TO  32 

48 

4TVMAT.-1 

49 

XI21*FYB 

50 

YI2I-ESA 

51 

GO  TO  465 

52 

455 

1F(ESA-Y(2)I  461,456,456 

53 

454 

IF( 2) *X ( 3) )  457,457,458 

54 

'"Ail 

Xll)^X(2). 

55 

X<2>*FYB 

56 

YU)«Y(2) 

67 

VI2I-.ESA 

53 

GO  TO  465 

51 

458 

IFIFYB*XI 1 ) )  454,459,460 

60 

459 

XI3)-iFYB 

61 

V(3)«ESA 

62 

GO  TO  465 

63 

460 

XC2I-.FVB 

64 

YI2)%ESA 

65 

GO  TO  465 

66 

461 

IFtXI 1)*X(2) )  462,462,463 

67 

462 

X(3)-X(2) 

68 

Xm-FYB 

69 

Y  (  3 )  -.Y 1 2 ) 

70 

Y(2)>.cSA 

71 

GO  TO  465 

72 

463 

IF| FYB*X 13))  464,464,460 

73 

464 

XID-FYB 

74 

YU)-cSA 

75 

465 

Cl«.V<2)-YIl) 

76 

C2-YI 3) -Y ( 2  ) 

77 

C3-YI 3)”Y ID 

78 

C4-(X(3)-X(2)  )/(C2*C3l 

79 

C5-(X«i;-X(2) )/(Cl*C3) 

HC 

C3-C4*C5 

81 
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C4«C1*C4-C2*C5  M 

C5-XC2I 

I F ( C3 )  467,466,467 

466  C8--C5/C4  ®* 

G rj  T9  470  >6 

467  C6-0,5*C4/C3  a7 

C7«S‘}RT(ABS(C6*C6-C5/Cin  *• 

IF ( C6 )  <69,469,469  ®9 

468  C7«-C /  9° 

469  C6-C7-C6  *1 

470  :SA«V(2)+C6  92 

7.0  TO  32  9* 

4 7*5  £CC-SGRT(  FCA*EC4*£SA*  =  SA»  94 

ATT*TANV(=C4,=$A»  °5 

I F < NP AD«1 I  476,476,477  96 

476  cnr*gzr(n*oxTm  ■*/ 

477  Cl»(S<Xn*9rYa>S7Y8*0XXB-SXYa*9rX«-SVXB*«XV9»/(BXX849YY9>  9fl 

C2»n  SXXa-Cl»*(SYYB-Cl)-SXYB*SYXB»/(0XX3*9YY8-»XYB*lYXB»  >9 

Cl*Cl/C2  190 

C3»Sg«T(A8S(C2»)  Ivl 

C5*C1/39«478418  192 

WRIT=(6,135|  193 

WRITS(6,l23)AlO,RE,aCA,:S4,=CC,ATT,,nFV,FYB  1*4 

WRIT=(&,136)  If'9 

WRITc(6,l23)RCFW,CZTB,  JOT, 3XL0, FXR,05,C 3,C2  l’-<> 

WRITE (6,127)  197 

WRITcI6,I23»SXX3,SXYf»,SYXB,  SYY3, 8XX8  ,«XY9, 0  VX3,  ••  YY8  1.1 

IFISMFVI  479,479,478  139 

478  SWF-I.O/SMFV  113 

RCFWS»SMF*RCFW  111 

FXBS«SHF*FXrt  112 

FYBS»SMF*FY8  113 

C1«SMF*C1  11* 

SXXS«SMF*SXXB  115 

SXYS«.SMF*SXYB  114 

SYXS*.SMF*SYXB  117 

SYYS».SMF*SYY8  119 

BXXS»$MF*8XXB  119 

8XYS»SMF*BXYB  173 

BYXS«SRF*HYXB  121 

BYYS".SMF*BYYB  122 

WRITEI6.1371  123 

WRITS(6,123)$MF,FXBS,FYbS,RCFW$,Ct  12* 

WR I TE ( 6, 1 38 1  175 

WRITS (6, 123ISXXS, $XYS,SYXS,SYYS,BXXS,BXYS,8Y<S, 3YYS  126 

479  WRITS (6, 141  I  127 

WRITS  16, 143 M IHHI  II, I  * l , NPAD  »  17* 

WRITE. (6,142)1  Hf*N  <  I  )  ,  I*l,Nf>40)  179 

IF(NPUN)  487,485,481  139 

480  IFJNPUNUI  481,485,485  131 

481  C6»SXYB*SYX8-BXYB*8YXC  13? 

C7»SXYB*BYXR+SYXB*BXYB  133 

C8«SYYB*SYY3+HYY8*BYY3  134 

C9»BXXB-(SYYB*C7-0YYH*C6I/C8  1  35 

C8-SXXB-I SYYR*C64BYY9*C7)/C8  116 

WRITS  (10, 115)£CA,SHFV,Rr.F,.',ClXLB,SCC,')PUfll 

NPU‘I1«NPUM*1  138 

WRITS  (10,  115)C8,C9,!>YY8,HYY0,ATT,NRUNl 

NPUN1 *NPUN1 ♦  1  140 

(F('JPUN-l)  485,485,  482  141 

482  WRITc(iJ,114»  SXX8,  SXYJ,  SYX.3,SYY0 

NPUM-NPUMIM  1*3 
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NR  I TE 1 10*  mi  8XX8, 8XY8,BYXB,BYYB 
NPUNl»NPUNl*l 
485  NECImNECUI 

IFINECA-NEC1)  486,22,72 
484  NR61«.NAE1*1 

lF!.NR E-NRE1)  487*21*21 
487  NLOl^NLDl+1 

IFINLONLD1)  408*20*20 
408  IFI INP)  489*12*484 
489  STOP 

98  FORMATS  15 ) 

99  FORMAT! 46 15.71 

100  FORMAT ( 72H 

1  I 

101  FORMAT  1 12 13) 

102  FORMAT! 1P3614.6) 

103  FORMAT! 1P614.6, 15) 

TW  FORMAT! IH0.117MCIRC.0IV  AX.D1V  NO.L/D  N0.R6YN  N3.PA0  N 
1C.E*CQSA  N0.A-1T  NO.RUP.IT  PAD.CATA  RUPT.OATA  ATT. A, OAT A  INPUT 

"ii 

103  FORMAT! 16*11110) 

106 Tor MAT « 1H0 , 27HC0NV. L ! M.  ATT. a  conv.l I M.RUP ) 

107  FORMAT! IHO* 10HL/0  RATIOS) 

108  FORMAT! (HO, 16HREYN0LDS  NUMBERS) 

109  FORMAT! 1H0* 17HECC*C0SI ATT )  DATA) 

lT5  FORMAT I IHO* 13HECC4C3S! ATT )■ IPE1?. 6* 14H  NO. E*Sl N 1  A) ■ 1 3) 

111  FORMAT ! i.)  H  LIST  OF  ECC*S IN! ATT) ) 

"III  FGANATI1H0,21H8EARING  GEOMETRY  DATA) 

113  FORMAT 153H  INLET  ANGLE  OUTLET  ANGLE  PRELOAD  ANGLE  PRLD-X) 

114  FORMAT  <*6111.  3,1281 

115  FORMAT15E13.5* IIS) 

116  FORM A  t I1H 1 *  1 5H8E AR I NG  PAD  NO., 12) 

117  F0RMAT(///IH0,21HRUPTURE  ITERATION  NO., 12) 

~  118  FORMAT! 1H0.60H  I  BEGIN. INDEX  END  INDEX  BEGIN  ANGLE  E 

_ 1N0  ANGLE) 

(19  FORMAT! 13. 1P4E15.7I 
_ 120  FORMAT! IH0.21HPRESSURE  DISTRIBUTION) 

121  FORMAT!  IPE12.4.1PSEU.4) 

122  FORMAT! 22 H  RUPTURE  ITERATION  N0.I2.9H  ERR0R-1PE13. 6) 

123  FORMAT! 1P8E15.7) 

124  FORMAT! 1H0.86HS0MPERFSLD  NO  ECC.RATIO  ATT. ANGLE  CALC. AT 

If.tfflT.  -  P-R/5*W  F-T/S4M) 

123  F0RMATI1H0.86H  1/S*« R/C*F/W)  (g-X/NDLC)IN  < Q-X/NOLC t OUT  IQ-2/ND 
1LOSIOE  F-X/S**  F-Y/S*W) 

126  FORMAT ( IHO* 12H  OFR/SOE , 8X, 7H0FT/S0E , 8X..7HDFR /SDA , 8X7H9FT/SDA, 7 

IX,9HOFR/SOEDT ,6X,9H0FT/S0EDT,6X,  9H0FR/SDADT , 6X , 9HDFT/S3ADT ) 

127  FORMAT < IHO, 4X, 7HCKXX/SW, 8X, 7HCKXY /SM.flX, 7HCKYX/SW, 8X, 7HCKYY/SW. 7X , 
18HCHBXX/SH, 7X , 8HCW8XY/SW*  7X, 8HCW8YX/SW, 7X*  8HCWB YY /SW ) 

128  FORMAT l IHO, 58HCMN/MUOL! R/C ) 2  CMW**2/W  FREO/W  IFREO 

l/H) **2 I 

129  FORMAT! IHO, 15HPAD  IS  UNLOAOED) 

130  FORMAT! IHO, 28H  1/S*< R/C*F/W)  ! Q-X/NDLC ) IN ) 

131  FORMAT l IHO* 13HECC*SIN!ATT)»IPE13.6,17H  HOR I Z.  FORCE/ SW-1PS1 3. 6). 

132  F0RMATI///1H0, 33 MB EARING  RESULTS, ATT, ANGLE  IT.NO.,12) 

133  FORMAT UH0.4X, 7HF-X/S**, 5X, 12HI/S! R/C*F/WI,2X,1*HI Q-Z/NDLG) SIDE, 2X 
1»13HIU/N0LC)T0TAL,1X,  14H! Q«X /NDLC If. IRC  ,7X,3H1/S) 

134  F0RMATUH0,40HNUMBER  OF  ATT. ANGLE  ITERATIONS  TOO  LARGE) 

135  F0RMAT!///IH0,6X,3HL/D,9X, 98HREYN.N0.  ECC*COS!ATT)  ECC*SIN(A 

ITT)  ECC. RAT  1 0  ATT. ANGLE  1/S  F-Y/9*W> 

136  FQRMAT(IH0,116H  1/S*( R/C*F/W  )  » Q- Z/NDLC ) SIDE  ! Q /NOLC) TOTAL  O-X/NO 

ILCICIRC  F-X/S4W  CHN/MUOL ( R/C ) 2  FREO/W  IFREQ/W**2> 

137  FORMAT ! IHO, 72H  SOMMERFELO  NO  F-X/W  F-Y/M  !R/C 


143 

146 

147 

148 

149 

150 

151 

152 

153 

154 

155 

156 

157 

158 

159 

160 


163 


169 

171 

172 

173 


178 

180 

181 

182 


11MF/W)  CMW**2/W) 

US  F9RMAT(lH0»5X»  6HCKXX/W*  9X, 6HCKXY/M, 9X,6MCKYX/W,9X,6HCKVY/rf,£X , 7HCW 
10XX/Wf8X,7HCHSXY/«, BX, 7HCWBYX/W,BX, 7HCN8YY/M) 

1M  FORMAT  ( IH9, 26HMATRI  X  IS  SINGULAR  ,  FAD  NO., 121 
1*0  FnRMAT(lH),*lH£CCENTRICITY  RATIO  GREATER  THAN  l, PAD  NO., 12) 
i*l  F0RNAT11H9* 3*HMI NlNUM  FILM  THICKNESS  FOR  PAD  NO, I 
1*2  FORMAT (1P10E12,*) 

1*3  FORMAT!  IT, «U1I 
£N0 

AI8FTC  SURPT  DECK 

SUBROUTINE  RuPT! M,N,KR8,KRE,MP,JS»JF,JS1,JF1,ERM ) 

CIMENSION  0(37, 13,1  8), G(  3  7,  1  3, 13 )  ,B(  37.1 3)  ,.E(  37, 1 3).,F  I  37,1 3 )  , 
IP(37,13),.ALFAP(3  7,  13),AIFAM{  37,  13I,H32(  37) , THA ( 37 ) ,A3I ( 37)  . 
2AG*(37),CS( 37 ) , SS( 3  7 ) ,BT ( 37) ,KI I  37) , JSX( 13) , JEX( 13) ,SX( 13) „£X( 13 ) , 
3THS (13), THE (131 

COMMON  D».G*3»E,F,P»  ALFAP,  ALF AM, H32, THA,  AGl-AG*,CS,SS»3T ,K(  „JSX, 
1JSX,SX,EX,THS,TH£,0X,02,CSII,ALPH 
M-M 
N»N 

KRB-KRS 

KRE-KRE 

MP.MP 

JSmJS 

JF-JF 

JF1-JF1 

JSl«JSl 

ECC'cRR 

Nl-N-1 

NC-N+l 

N2-NC*2 

S6RU1.9 

SER?«0.9 

SER3M.0 

SER*-0.0 

0R-9.1*OX 

JS-.1 

JS1-2 

JF-MB 

JF1-M 

00  502  J>l,X8 
BT( JI-1.0 
Rl( JI-0 
00  501  I • l ,  N 
ALFAMIJ,! 1-1.0 

501  ALFAP (J, I ) -1,0 

502  CONTINUE 
Cl-Md 

CO  503  I  *  l « N 
THS! I )«CSII 
THE!l l-CSII+ALPH 
JSXU  )-2 

503  JEX  (  I )-M 

00  592  I- l ,N 
Jl-NC-I 
K7-.I-1 
C  l-K  7 
YA*.C1  *02 
K7-0 

IF(Jl-Nl)  509,508,507 
507  K5- 1 

GO  TO  510 


211 

212 

213 

2 

3 

* 

5 

6 
7 

a 

9 

10 

11 

12 

13 

1* 

15 

16 

17 

18 
19 
29 
21 
22 
23 
2* 

25 

26 

27 

28 

29 

30 

31 

32 
3* 

33 

35 

36 

37 

38 

39 
♦0 
*1 
*2 
*3 
** 
*5 
*6 
♦  7 
*8 
*9 

50 

51 

52 

53 


-S15- 


nn-3 


908  «•*! 

60  70  510 
906  N9>0 

flO  00  591  Jm2»H 
M>  PU.JU 

- nnmrr5ti,5if^ij 

511  IPtK7t  591.591,512 


IMKHCl  591.513,591 
513  X4M.0 

TMC-7HMJ-1I 

- H.  Hj-i.jnraa — 

6X1-AG4U-1I _ 

0X2-*G4U> 

811-AGK  J- 1 ) _ 

412-AGKJl 

X2-X2E 

- «.*KK - 

u>m 

- is^m -  - 

Y2-Y2E 

m«Mt _ 4 

XX-J-1 

m-xx 

JP-XX 

WXl-L 

PX2-0 

VIMBHtX 

- eo~7tr^5 - 

SIS  IPIK7I  591,516,591 

irrinfl - 

IPIXXB1  591,517,591 
5l>  tFiJ-21  591.516,520 

sia  mo-1 


ALMMU.K  1-1.0 

Sxfxi-i.o 

TNSIKI-C9II 

JSX(k)-2 - 

SEX2-O.0 

~nffr-.T.a - 

or (j i-i.o 


520  X4*-1.0 


QX1-AG4U) 


G21-AGHJ) 

“5ir-*Rin-n 

P2«iPR/3.0 


X3-XJ3 

~r?-,22a 

23-238 

¥2-?28 

N2-K28 

Tl-KTB"' 

XX-M9-J 


JPmXJ 

nrr—r~ 


-216- 


IOT-30M 


KX2*0  _  .  __  _  _ 

Vt-J-I 

_Ml  KJIKJJ-1  _ _ _ -  - 

GX2*<GX2-GXl)/0X 

_ GJjL-  IjglfcSilldfiX _ _ _ 

IFU5>  527.528,526 

526  X2*KX  _  _  _  . 

yi*ox*yi 

GO  TO  534  _  _ 

527  K3*K2 

GO  TO  530 _ _ 

555  K0"X3-KX 

IFUQI  530,530^529  _ 

529  C2*KQ  ' 

_C2*C2*0X  _ _ 

23*23402 

_ »3nX3 *C2 _ 

4M  Y  1*012 

I F C Z2~X2 l  531,532.532 
'531  71*22 

_ 532  *Q«iK2-KX _ 

iF(KQ)  534.534,533 

533  C2*KQ _ _ 

C2*C2*(5i 

12-IZ+C2  _ 

"  X2»X2*C2 

_  Y1^Y14C2  _  _ 

534  06*0.0 

_  C9*(Y240Z-V4I/CR  _ 

dl*-P2 

X4-0  _  _ 

55s  C6C640R 

536  C7«C6*C94Y4  _  _  _ 

iFIxsT  536 ,539, 5  37 

537  CT*0 .0 _  _ 

..  — 

GO  TO  545 

536  09*1X2-061/07*2.0 
_ GO  TO  545 

539  02*X3-X2 
_ 01«X3— 06 

IFT5TT  540,540,541 

540  09*0.0 

GO  TO  545 

541  IFC02I  542,542,543 
'542  C9* 01707*2.0 

_ GO  TO  545 

■  543"  09*01702 

IFJC9-1.0J  540,540,544 

'  544'  09"  ALOG ( ABS 1 09 ) ) /4L0G ( ABSC  C7/Y2I ) *01/0 7 

545  C8*THC4X4*C6 
U3*COS(C8 I 
04*-ECC*SIN»C8» 

05-.i,0«-ECC*03 

01*GZ1*C6*GZ2 

02*GX1*C6*GX2 

06.05*05*05 

C5*U.0*C94C9J*C6 

C5*(  05/02 )*<  05/06 1*1 D4/( 1.  0*01*09*09  H-P2 
ZT* C 6*0 9 *.Y 4 
_ I F I K4)  556,546,550 

546  01*03 


116 

1.7 

11* 

119 

120 
121 
122 

123 

124 

125 

126 

127 

128 

129 

130 

131 

132 

133 

134 

135 
£36 

137 

138 

139 

140 

141 

142 

143 

144 

145 

146 

147 

148 

149 
•50 

151 

152 

153 

154 

155 

156 

157 

158 
139 
160 
161 
162 

163 

164 

165 

166 

167 

168 

169 

170 

171 

172 

173 

174 

175 

176 

177 
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nn-50,7 


C3-C3 


547 

3*f 


549 

-*50 


931 

332 


393 


IF(C1*C5),  549,336,547 
IF(C6-VU  533,548,548 
C6>V1 
C7*Y4 

C8«THC*X4*C6 
RX2-I 
CO  TO  557 
X4*l 

C9*CA-0.5*0R 
CO  TO  536 
*4—1 

03*<Cl*C3-C 5-051/0**2.0/0* 

04*(C3-C1 I /OR 

IRIOil  352,551,552 

05—C5/O4 

CO  TO  555 

06*04/03*0.5 

07*SO*T(A8$ (06**2—05/03) ) 
IPI06)  553,554,554 
03— 06-D7 


CO  TO  555 

554  054-06*07 

555  06*06*05 
GO  TO  536 

556  IFIC6-Y1)  557,558,548 

557  K40 
Yl*C7 
THc-ca 


IF (K5 I  559,560,558 
55*  2I-C6 
Yl-0.0 
CO  TO  561 

559  03-YL*Yl 
03*(C6-Z2 1/03 
04*0.0 

Z1»DJ*02*CZ*Z2 
GO  TO  561 

560  05*.Yl-Y4*0Z 
06* Y4— OZ 
07*(Z3-Z2)/06 
08*(C6-Z2)/05 
04*05*06 
03-(07*n8)/04 

04* ( 08*06-07*05 ) /D4 
Z1*0Z*(03*0Z*04)*Z2 
361  IF(Zl-OX)  565,565,562 
562  KI(KJ  1*0 


JP*K  J 

563  XX*KX*l 


JP*JP*KXi 

Z1*Z1-0X 

Z2*Z2-0X 

C6-C6-0X 

IFIZl)  564,564,563 

564  Z1-Z1*DX 
Z2-Z2+0X 
C6-C6.0X 
XX-KX-1 
JP*JP— KX l 

565  IF(X5)  566,566,580 

566  IF ( Z1-Z21  568,567*567 


178 

179 

180 
181 
182 

183 

184 

185 

186 

187 

188 

189 

190 

191 

192 

193 

194 

195 

196 

197 

198 

199 

200 
201 
2C2 

203 

204 

205 
2C6 

207 

208 
2C9 
210 
211 
212 

213 

214 

215 

216 

217 

218 

219 

220 
221 
222 

223 

224 

225 

226 
22  7 
228 
229 
2  30 
231 
2  32 

233 

234 

235 

236 

237 

238 

239 
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«I-30*3 


567  Zl- n 
cn  TO  5ao 

56S  I F 1 12-OX l  590,569,570 

569  KQ-JP+Ml 

K I ( RQ  J« J 1 ♦ 1 

amcn.i.o 

GO  TO  580 

570  K<J«KX  +  l 
JQ-JP 

00  579  L*KC,K2 
JQ-JU  +  M1 

Ifuxn  571,572,572 

571  IFUQ-l)  579,579,575 

572  IFtJd-M»|  573,579,579 

573  KHJ0)-J1«1 
05-l-nx 
C5-Z2-Q5*0X 

IF  1 1)3  (  675,576,575 
576  05—05/06 
CO  TO  576 

575  06-06/03*0.5 

C5— 06+S>JRT(  4BSI  06**2-05/031  I 
05—06+SQRTUBS<  06**2-05/03 1  I 

576  05-05/DZ 

IF 1 05-1 , 0  I  578,578,677 

577  05-1.0 

578  flT(JQ)-05 

579  CONTINUE 

580  05-Zl/DX 

IF(K7|  586,581,586 

581  IFIK5)  585,585,582 

582  IF1KX2I  583,586,583 

583  KRE-1 
JF-18 
jfi-h 

GO  TO  591 
586  JF1-JP 
JF-JP+l 
R3E-KX 
X3E-Z1 
Z3E-Z1 
585  V2E-Y1 
X2E-C6 
72E-Z1 
K2E-KX 

THEI J1)«57.29578*THC 

»LFAP( JP,J1|»05 
06- JP 
06-06+05 

S=R3»S  =  «3*4!lSCEXUlll 
S=R6».S  =  R6+ArtSCeX(  J1  |-06  ( 

=XI Jl i-06 
)-X(Jll.JP 
CO  TO  591 

586  IF(k5 )  590,590,587 

587  (F ( KX2)  599,599,588 

588  KRB-l 
JS-1 
JSi-2 

CO  TO  591 

589  JSi-JP 
JS-JP-1 


240 

241 

242 

243 

244 

245 

246 

247 
246 

249 

250 

251 

252 

253 
256 

255 

256 

257 

258 

259 

260 
261 
262 
263 
266 

265 

266 

267 

268 
269 
2  70 
271 
2  72 
273 
276 
2  75 

276 

277 

278 
2  79 
290 
281 
282 
283 
286 

285 

286 

287 

288 

289 

290 

291 

292 

293 
296 

295 

296 

297 

298 

299 

300 

301 
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n-NM 


K38*KX  302 

x3b*zi  303 

138*21  304 

340  728*71  309 

X2B*C6  306 

228*21  307 

R28*KX  308 

TH$1 Jl l«5?«29578*THC  309 

ALF4*(JP,J1)*05  310 

06*  JP  311 

06*06-09  312 

SERI*£ER1«A0S(SXU1II  313 

S€R£*SER24A3SISXIJl)-06>  314 

SX(  Jl 1*06  319 

JSX(J1)*JP  316 

991  CONTI NUt  317 

992  CONTINUE  31s 

!RR*S£R2/SERUSER4/SER3  319 

IPIHPm  993,996.996  3?0 

943  N41TEI6.999I  321 

MRITE 16,597 > II ALFAP< J, t 1,1*1, N),J*1, MR)  322 

MRtTE(6,597)((ALFAMIJ,l),l*l,NI«J*l,HB)  32  3 

MRITE<6,597>(BT(J),J*1,MB>  324 

NRITEf6.598l  (KIUI,  J-l.NRI  325 

996  RETURN  326 

947  FORMAT! 1PE12.4, IP9E 1 1*4 )  327 

398  FORMAT (20 15 1  328 

599  FORMAT! 1H0.32HRUPTUAE  01AGN.*ALFAP, ALFAM.BT.KII 

ENO  310 

•1BFTC  SUPRcS  OECK 

SUBROUTINE  PRESS! JIT, J2T.NCT.NZT)  2 

DIMENSION  0(37, 13, 131, GOT,  13,131.8(37, 13)^£(37, 131, F(37, 131,  3 

IF!  37,  13)  *>ALFAP(37,  131 ,  ALFAM!  37,  131  yH32(  371 ,  THAI  37 1  ►AOl  I  37)  4 

2AG4(37|  ,CS(  37 )  ,SS(37)  ,8T(  371  ,Kl  (  37) ,  JSX!  13)  ,  JEXI 1  3) ,  SX(  131  ,.SX(U),  5 

3THS! 13), THE (13)  6 

COMMON  0»G,B«E,F,P,ALFAP,ALFAM,H32, THA,  4Gl».4G4,C  S»SS »  RT,KI  ,J$X,  7 

IJEX,SX,EX,THS,THE,OX,OZ,CSII,ALPH  b 

Jl-JIT  9 

J?* J2T  10 

NC-NCT  11 

NZ-.N2T  12 

CO  303  J* Jl, J2  13 

00  502  Iul.NC  14 

C3*0«0  15 

CO  501  K* l , NC  16 

501  C3*C3*(F(  J,K)-d(  J,KI*E( J-l.KI l*G(  J,t,KI.  17 

502  E( J, I )*C3  18 

503  CONTINUE  19 

CO  508  J-J1.J2  20 

J3-J14J2-J  21 

CO  50  7  I*.l,MC  22 

C3-c(J3,I)  23 

CO  504  K*1,NC  24 

504  C3*C340(J3, (,K)«C(J3«1,K)  25 

IFIN2I  507,505,305  26 

505  IF ( C3 I  506,506,507  27 

506  C3*D, 0  28 

507  €( J3» I )*C3  29 

508  CONTINUE  30 

RETURN  31 

ENO  32 

SIBFTC  SU'TS  IM  OECK 


SUBROUTINE  SINPINC7.FRT.PTT)  • 

DIMENSION  01 37, 13*13). Gl 37, 13. 13). 81  37, 13)  .£137, 13I.F 137,13). 
IPI37,.13>,.ALFAPI37,13)»AIFANI37,13>,M32'37),THAI  17I*AG1<37) » 

2AG4I 17) »CSI37)»SSI37)»8TI37)»KH 37) » JSXI  13I..JEXH3)., SXt 13) *£XI13I * 
37HSI19) .THE) 13) 

COMMON  D*G»8»E»F»P»  ALFAP,  ALFAM,H32»TH4*AG1»  AG4»CS,SS»8T*»XI  *JSX, 

1 JEX.SX.EX ,THS , THE.OX.OZ.CS 1 1, ALPH 
DIMENSION  SR|13l,Sm3l 
NC-NCT 

00  UO  1*1, NC 
J$*JSX|I) 

. JE*JSXt I) 

AS*ALFAM| JS.II 
AE-ALFAPI JS.I) 

RX*JE-JS 

J2-JE-1 

C1-EIJS.I) 

tl*< l.O-AE ) *E  I JE , I I 

C3«C2*CSI  JE> 

C4*-C2*SSIJE) 

IF! IHX/2) *2“KX )  704,703,703 

703  Cla( 1*0+AS )*C1 
C3-C3-C1*CSIJS) 

~  C4-C44Ct*SS(JSI 
J1*JS*1 
"GO  TO  708 

704  C3*.tl.0*ASI*l3*0<»AS)/4.0 
IFIAS-O.Ol)  709,705,706 

703  C6-0.0 

£*513/3.0*4*0 
GO  TO  707 

706  C6*1.0*AS 
C6-C&/ASOC6/2.0 
C6*Cfr*C6 

707  C5-ll.0.C5)*EIJS*l. I) 

C5^C5*C1 

_C3-C3-C6*CSl JS )>C5*CSI JS«l ) 

~C4«C4.C6*SS I JS )*C3*SSI JS+1) 

Jl*JS*2 

708  00  709  J-J1.J2.2 

C3»C3-4.0*EtJ,I)*CSIJ)-2.0*EtJ»l,I)*CS(J*l> 

709  C4«C4.4.0*EI  J,I)*SSI  j)*2.d*£l  J*1 ,  I  >*SSt  J*1 ). 

_ SRI  I  ).»C3 

710  ST  (  I  l.*C4 
_C1*SR INC! 

C2*ST INC) 

IFTINC/2).*2— NC )  711,712,712 


FR*4»0*Cl 
“  FT.*4»0*C2 
GO  TO  713 
“712  Jl-NC-1 

_ FR»-2.0*C  1 _ _ _ 

FT*-2.0*C2 

_713  00  714  I*l,Jl*2 

FR>FR»8.0*SRf  I)*4*0*SRI  in) 

_ 714_ FT»FT ♦8»0*ST 1 1 ).4.0*STI  1*1 ) 

FRT-Fr 

_ FTT»FT _ 

return 

END  _ 

$n"FTC"MAINVR  OECR 


C  MATRIX  JNVERSICN  WITH  ACCOMPANYING  SOLUTION  OP  LINEAR  EQUATIONS  2 

C  NOVEMBER  1692  S  GOOQ  DAVID  TAYLOR  MODEL  BASIN  AM  NATL  3 

C  A 

SUBROUTINE  MAT INVIA,NI,B,M1 , OITERM, ID)  5 

e  6 

C  GENERAL  PORN  OF  DIMENSION  STATEMENT  7 

e.  *  b 

DIMENSION  AI13, 131. 8113,1)  9 

DIMENSION  INOEXI 13,3)  10 

EQUIVALENCE  IIROW.JRUN),  I ICOLUM, JCOLUMI ,  UMAX,  T,  SWAP)  11 

12 

C  INITIALIZATION  13 

J?  .  14 

M*N1  15 

N«N1  16 

00  8  I-WN  17 

_  KIM  18 

X2-1  19 

DO  6  J« 1 ,N  20 

IFIAI  I,J).)  3,4,3  21 

3  XtAO  22 

A  IFIAI J,IL)  5,6,5  23 

9  R2«0  24 

y CONTINUE  25 

IFIK14K21  8,8,7  26 

7  10-2  27 

OETERH-O.O  25 

GO  TO  740  29 

8  CONTINUE  AO 

16  OETERM-l.O  31 

IS  DO  20  J-1,N  32 

20  INOEX I J,3 1  -  0  33 

30  DO  350  IaI.N  34 

6  35 

C  SEARCH  FOR  PIVOT  ELEMENT  36 

C  37 

AO  AMAXa.0.0  38 

A5  DO  105  J«1,N  39 

IFI INOEXI J.31-1)  60,  105,  60  40 

60  OO  100  K*1,N  «1 

IF|IN0EXIK,3>-1I  80,  100,  715  42 

SO  IF|AMAX-A8SIA(J,K)I)  85,100,100  43 

85  IROWU  44 

90  ICOLUM*K  45 

AMAX*.ABS(  A  (  J,  K  )  )  46 

100  CONTINUE  47 

105  CONTINUE  48 

INOEX I ICOLUM, 3)  -  INOEXI ICOLUM, 3)  *1  40 

260  INOEXII.l l-IROW  50 

270  IN0SXII,2)»IC0LUM  51 

C  52 

C  INTERCHANGE  ROWS  TO  PUT  PIVOT  ELEMENT  ON  DIAGONAL  5A 

C  54 

130  IF  ( IROW- ICOLUM)  140,  310,  140  55 

140  OETERM—OETERM  56 

150  00  200  L*U,N  57 

160  SWAPMI  IR:0W,L)  58 
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200  A I ICOLUM, L ) *SWAP  60 
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210  CO  250  L» 1 »  M  62 

220  SWAP-.8I  IRCW.L)  63 
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divide  pivot  rcw  by  pivot  element 
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OSTSRM«OcT£RM*PIVOT 
330  A I  ICOLUM. ICOLUM)  "l*  0 
340  CO  (30  L* 1 »N 

350  4(1 CC1LUM,  L )"A ( ICOLUMt  L I /PIVOT 
355  IF(M>  390#  (80#  360 
360  CO  1TC  L«l»M 
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PEOJCS  (UN-PlVCT  ROMS 
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tn*i 

740  RETURN 
C  LAST'  CARO  OF  PROGRAM 
END 
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FUNCTION  TANV(CSS.SNN) 
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SN-SNN 

IF(CS)  57.5J.54 

50  IFISNI  53,51,52 

51  TANV-,0.0 
GO  TO  61 
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Ufa 


Journal  Bearing  with  Flexible.  D gaged  Support 

This  appendix  daacrlbaa  tha  computer  program  PN0144:  "The  Performance  and 
Stability  of  a  Hybrid  Journal  Bearing  with  Flexible,  Damped  Support."  It  glvea 
the  detailed  instructions  for  using  the  program,  for  preparing  the  input  data 
and  a  listing  of  the  Fortran  instructiona  is  also  given.  The  analyals  for  tha 
program  is  contained  in  Appendlcea  V  and  VI.  The  program  calculates  the  load 
carrying  capacity,  the  flow,  the  8  dynamic  coeff ideate  and  the  critical  Journal 
mass  at  the  onset  of  instability.  The  program  applies  to  a  purely  hydrostatic, 
a  purely  hydrodynamic  or  a  hybrid  bearing  with  a  compressible  lubricant.  The 
bearing  is  cylindrical  with  a  single  row  of  feeder  holes  in  the  center  plane  of 
the  bearing,  and  the  support  for  tha  bearing  has  flexibility,  damping  and  mass. 

The  analysis  assumes  that  the  bearing  operates  with  a  small  eccentricity  ratio 

COMPOTES,  INPUT 

An  input  data  form  is  given  in  the  back  of  this  appendix  for  quick  reference 
when  preparing  the  computer  input.  In  the  following,  the  more  detailed  instruc¬ 
tions  are  given. 

Table  of  Vena  Contracta  Coefficients  (5E14.6) 

This  table  consists  of  5  cards  with  a  total  of  25  values  of  the  vena  contracta 
coefficient  Cj,  for  the  feeder  hole  restrictor.  Cs  is  defined  through  eq. 
(E-31),  Appendix  V.  The  program  assumes  CD*  )  when  the  feeder  hole  is  choked, 
and  for  unchoked  conditions,  is  specified  by  the  present  input  list.  The 

dimensionless  flow  through  the  restrictor  is  a  function  of  the  pressure  ratio 
across  tha  restrictor: 
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h« 


r/ 


•hin  Me  1*  the  alii  flow,  lbs.aec/incb,  §X  is  the  product  of  the  gee  constant  end 

2  2 

the  totel  temperature,  inch  /sec  ,  e  ii  the  orifice  radius,  inch,  Ps  is  the 
supply  pressure,  psie,  is  the  pressure  downstream  of  the  orifice, psle,  and  k 
is  the  ratio  of  specific  heats  (k*l.4  for  air). 


the  wens  contracts  coefficient  Cp  is  the  ratio  between  the  actual  flow  (made 
dimensionless)  and  the  ideal  isentropic  flow  such  that  C|>  -  I  (in  general, 

Cp  i/  ).  The  25  input  values  of  Cp  are  taken  st^  those  pressure  ratios 
which  result  from  subdividing  the  range  ( l^i")  —  —  I  into  25  equal  parts, 

the  first  value  of  Cp  applies  to  the  first  pressure  ratio  after  jjf  -  (*«/*"  . 

and  the  last  value  of  is  taken  at  p*  =  )  . 

Card  <5114.61 


This  card  contains  one  item,  the  ratio  of  specific  heats,  k.  For  air,  k  “  1.4. 


Ord  (72H) 


Any  descriptive  text  may  be  given  to  identify  the  calculation. 


Card 


m. 


This  card  is  the  "control"  card  which  describes  the  subsequent  input  data.  The 
card  has  8  values: 

1.  HVL  gives  the  number  of  pressure  ratios,  P*/P*  ,  in  the  designated  list.  The 
maximum  value  of  HVL  is  25.  For  a  purely  hydrodynamic  bearing,  set  HVL  ■  0  (then 
MLB  *  0). 
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2.  BISL  gives  the  number  of  restrictor  coefficients,  ,  la  the  designated  Hat. 
Tba  maximum  valua  Af  RLSL  la  25.  For  a  purely  hydrodynamic  bearing,  aat  NLSL-0 
(when  NLSL  ■  0,  NVL  mu at  be  aero). 

3.  NLB  give  a  the  number  of  compressibility  numbers,  -A  ,  in  the  designated  list. 
The  maximum  value  is  25.  For  a  purely  hydrostatic  bearing,  set  NLB  “  0  (then 
HLV  +  0) . 

4.  HgP  gives  the  number  of  eccentricity  ratios,  C  ,  in  the  designated  list. 

The  maximum  value  is  25  (KBP  •/*  0) . 

5.  HNS  gives  the  number  of  values  in  the  list  of  frequency  ratlas  (when  HUM), 
the  list  contains  values  of  the  squeese  number  instead  of  the  frequency  ratio). 

The  maximum  value  of  HNS  is  95  0OJS  ^  0). 

6.  MT.  As  described  in  Appendix  B,  the  program  calculates  the  pressure  in  the 
gas  film  by  numerical  integration.  To  this  end,  the  length  between  the  admission 
plane  and  the  end  of  the  bearing  is  subdivided  into  increments.  MT  specifies 

the  number  of  subdivisions.  MT  should  be  large  for  high  values  *?;  A  and/or  high 
values  of  the  squeese  number  4  .  A  typical  value  for  MX  is  10  tj  15  for  moderate 
Ji  or  d  values  (say  up  to  A?  5  and  43  5).  The  maximum  value  for  MT  is 
30. 

7.  IHT.  If  INT  -  0,  the  bearing  is  rigidly  supported  and  no  input  data  can  be 
giveu  for  the  three  support  parameters.  If  INT  ■  1,  the  bearing  is  flexibly 
supported. 

8.  INP.  If  INP  *  0,  the  pregram  returns  to  read  in  more  input  after  completion 
of  the  calculations  for  the  present  set  of  input  data.  A  new  set  of  input  data 
starts  with  the  identification  card  (i.e.  with  the  card  (72H)).  The  table  of 
vena  contracta  coefficients  and  the  card  with  the  ratio  of  specific  beats  are 
not  to  be  repeated. 
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If  DIF  -  1,  the  pi 


of  input  data  is  tha  last  sat. 


this  card  contains  4  values: 

1*  L/D,  tha  ratio  between  the  total  bearing  length  and  the  journal  diameter. 

2.  A  ,  tha  source  correction  factor.  A  is  given  by  eq.  (K-50) ,  Appendix  V, 
or  in  approximate  fora: 


where  n  is  the  number  of  feeder  holes,  d  is  the  feeder  hole  diameter  (not  the  ' 
orifice  diameter),  D  is  the  journal  diameter  and  L  is  the  total  bearing  length, 
typically,  A  -  1.3  to  1.5. 

3.  i  ,  the  Inherent  compensation  factor.  Even  when  the  feeder  holes  are  provided 
with  orifices,  an  additional  flow  restriction  normally  occurs  where  the  gas  leaves 
the  feeder  hole  and  enters  the  bearing  film: 


OrifiU 

—  Ff rdo-  Kale 

Bearfsj  (it* 


figure  63:  feeding  Hole 

The  orifice  area  is  fia*  where  a  is  the  orifice  radius.  The  "curtain"  area  at 
the  rim  of  the  feeder  hole  haa  the  area  7TdC  where  d  is  the  feeder  hole  diameter 
and  C  is  the  radial  bearing  clearance.  The  ratio  between  the  two  areas  is  called 
the  inherent  compensation  factor: 

When  there  is  no  orifice,  $  ■  00  and  the  bearing  is  called  inherently  compensated 
(for  the  inherently  compensated  bearing,  set  S  m  1000  or  some  other  large  value 
in  the  input).  Zf  the  bearing  is  purely  orifice  restricted,  set  4  •  0. 
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4.  »vc/mc  ,  Che  redo  between  the  combined  volume  of  ell  feeder  holee  end 
the  volume  of  the  gee  film.  Here,  D  Is  the  journel  diansCsr,  L  Is  the  total 
beering  length,  C  is  the  redlel  beering  cleerence,  n  Is  the  number  of  feeder 
holes  end  ^  is  the  "cepecitetive”  volume  of  one  feeder  bole.  The  effect  of  e 
feeder  hole  volume  is  to  introduce  e  time  leg  between  e  chenge  in  the  down¬ 
stream  feeder  hole  pressure  and  the  corresponding  chenge  in  the  flow  through  the 
hole,  see  eq.  (K-28),  Appendix  V.  This  time  leg  tends  to  reduce  the  damping 
capacity  of  the  bearing  end,  in  this  way,  adversely  effects  the  stability  margin. 
At  present,  there  is  no  method  to  determine  whet  this  "cepecitetive,f  volume  is, 
but  it  is  suggested  to  set  equal  to  the  volume  of  the  feeder  hole  below  the 
orifice,  i.e.  set  in  fig.  6*-  where  /  is  the  length  of  the  feeder 

hole  below  the  orifice.  For  an  inherently  compensated  bearing  in  which  there 
ere  no  orifices,  may  be  set  equal  to  zero.  However,  it  mist  be  remembered 
that  ,  properly  interpreted,  gives  a  measure  of  the  time  leg  between  pressure 
'change  and  flow  change.  Zf  there  are  other  factors  than  the  feeder  hole  volume 
which  contributes  to  auch  a  time  lag,  their  effect  must  be  reflected  in  the 
value  for  Vc  according  to  eq.  (B-28) . 


This  list  consists  of  up  to  five  cards  with  values  of  the  ratio  between  the 
supply  pressure  the  ambient  pressure  •  In  total,  there 

are  NVL  values  (item  1,  control  card),  maximum  25  values.  Xn  the  analysis  in 
Appendix  V,  the  pressure  ratio  is  denoted  by  the  symbol  V.  The  ratio  must  be 
greater  than  1.  If  NVL  -  0,  the  list  is  omitted  in  the  input  and  the  bearing 
is  purely  hydrodynamic. 


List  of  Restrictor  Coefficients  (5B14.6) 


This  list  consists  of  up  to  five  cards,  giving  the  values  of  the  restrictor 
coefficient  Aj  : 

A, 

where  yu,  is  the  viscosity  of  the  gas,  lbs.sec/inch  ,  CT  is  the  proAict  of 
the  gas  constant  and  the  total  temperature,  Jec4*/fec*  ,  ^  is  the  supply 
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pressure,  pita ,  &a  tha  radial  clearance,  loch,  n  la  tha  numbar  of  faadar  holaa, 

•  la  tha  orlflca  radius,  loch,  aad  A  la  tha  loharaot  compensation  factor.  In  the 
ieherently  compensated  bearing  where  there  la  no  orifice,  the  restrictor  coefficient 

becomes* 

Inherently  Coaoenaatad  Bearing  ■'  A$  " 
where  A  la  the  feeder  hole  diameter,  Inch. 


Xu  tha  purely  hydrodynamic  bearing,  where  NVL  -  0  and,  therefore,  NLSL  ■  0,  this 
Hat  la  omitted.  For  NLSL^  9,  give  a  total  of  NLSL  values  of  Aj  ,  maximum  25. 

^JJ^oj^Cgmgjeaalblllt^Jfambers^SBlAjS^ 


This  list  consists  of  up  to  five  cards,  giving  a  total  of  NLB  values  of  the  com¬ 
pressibility  number  A  (sea  item  3,  control  card).  A  is  defined  as: 

■A*  (-g-)* 

where  yk  Is  the  viscosity  of  the  gas,  lbs. sec/inch  ,  f>_  is  the  ambient  pressure, 
pS*S  ,  Co  Is  the  angular  speed  of  the  journal,  radlans/sec,  X  is  the  Journal  radius, 
inch  and  C  Is  tha  radial  clearance,  inch,  A  maximum  of  25  values  can  be  given. 


For  tha  purely  hydrostatic  bearing,  set  NLB  ■  0  and  omit  this  list. 


Lis^o^lccentricit^Jatio^J^KlAjS^ 

This  list  consists  of  up  to  five  cards,  giving  a  total  of  NEP  values  of  the 
eccentricity  ratio  £  (see  item  4,  control  card).  £  is  defined  as: 

£=  Vc 

where  «  is  the  distance  between  the  journal  center  position  and  the  bearing  center, 
inch,  and  C  is  the  radial  clearance,  inch.  C  cannot  be  zero  and  the  input  list 
cannot  be  omitted.  A  maximum  of  25  values  can  be  given. 

yj^ofM^e2uenc^Eat^jsj^J>2ueeze{Jj[umbers^5B14(j^| 

This  list  consists  of  up  to  19  cards,  giving  a  total  of  MNS  values  (item  5, 
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control  card) .  A  maximum  of  95  values  can  be  given 


In  the  hybrid  bearing  or  the  purely  hydrodynamic  bearing  (NLB  0,  item  3, 
control  card) ,  the  list  gives  values  of  the  frequency  ratio  V  : 

r* 

where  V  is  the  frequency  for  the  journal  center  notion,  radians/sec,  and  U> 
is  the  angular  speed  of  the  roter,  radians/sec. ^  cannot  be  sero.  The  input 
values  of  ^  are  used  by  the  program  in  searching  for  the  threshold  of 
instability.  For  each  value  of  ^  ,  the  program  calculates  the  left  hand  side 
of  eq.  (D-29) ,  Appendix  IV  (as  modified  per  AppendixVX} ,  which  represents  the 
overall  effective  damping  of  the  gas  film  and  the  bearing  support.  The  thresh¬ 


old  of  instability  occurs  at  those  values  of  ^  for  which  the  effective  doping 
is  sero.  The  program  uses  the  values  of  £  in  the  same  sequence  as  given  in  the 
input.  Thus,  the  input  list  should  start  with  a  small  value  of  ^  (say, 

0.0001)  and  thereafter,  give  successively  larger  values  of  ^  with  the  last  value 
of  —  0.51.  Whenever  the  effective  damping  changes  sign  as  the  program  goes 

through  the  Jp  list,  the  program  interpolates  to  determine  accurately  the  ^ 
values  at  which  the  damping  is  sero. 


The  very  first  value  of  £  is  not  used  in  the:  stability  calculation  and,  there¬ 
fore,  can  be  any  value.  It  is  used  as  that  value  for  which  the  program  output 
givea  the  8  dynamic  coefficients.  Thus,  it  is  suggested  to  set  the  first  value 
of  ^  equal  to  1. 

For  the  purely  hydrostatic  bearing  (NLB  ■  0) ,  this  Input  list  gives  values  of 
the  squeese  number  d  ' 

6  = 

where  the  symbols  have  been  defined  previously,  The  input  is  prepared  in  the 
same  way  as  described  above  except  that,  whereas  the  range  of  Interest  for  £ 
is  known  to  be  from  0  to  0.5,  the  range  for  d  is  not  known  in  advance.  It  is 

suggested  to  let  d  go  from  a  small  value  (say  0.001)  to  approximately  100.  It 
should  be  noted,  however,  that  the  program  is  basically  a  hybrid  bearing  program 
and  it  is  not  very  efficient  in  calculating  a  purely  hydrostatic  bearing  although 
the  answers  are  correct. 
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12  HIT  ■  0  (item  7,  control  card),  the  bearing  la  rigidly  supported  and  the  last 
input  data  la  the  preceeding  Hot  o£  frequency  ratios  (or  squeeze  numbers).  If 
DR  •  1,  the  bearing  is  flexibly  mounted  and  it  is  necessary  to  specify  the  support 
parameters.  Schematically,  the  bearing  and  its  support  can  be  shown  as: 


C«d  (SIS) 

This  card  is  the  "control"  card  for  the  support  parameters.  It> contains  3  items: 


1.  WK  gives  the  number  of  values  of  the  dimensionless  support  stiffness  in  the 
designated  list  (  J  *  NK6  25 )  . 

2.  IX  gives  the  number  of  values  of  the  dimensionless  bearing  boundary  mass  in  the 
designated  list  <  1^  NM  6  2 ?). 


3.  HD  gives  the  number  of  values  of  the  dimensionless  support  damping  in  the 
designated  list  (ND  6  25).  If  HD  *  0,  the  support  is  undamped  and  no  input  can  be 
given  for  the  support  damping. 


List  of  Support  Stiffness  Values 


This  list  consists  of  up  to  five  cards,  giving  a  total  of  NK  values  of  the 
dimensionless  support  stiffness: 


Z  -JC& 

where  K* is  the  support  spring  coefficient,  Ibs/inch,  C  is  the  radial  bearing 
clearance,  inch,  L  is  the  bearing  length,  inch,  D  is  the  journal  diameter,  inch, 
and  1^  is  the  ambient  pressure,  pfi’a.  .  There  can  be  a  maximum  of  25  values. 
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Lis^ol^ujygorOlas^JJaluea 


(5E14.61 


This  Hat  consists  of  up  to  five  carda,  giving  a  total  of  BM  valuaa  of  the 
dimenalonlaaa  bearing  houaing  maaa: 


—  _  C*»Col 
^  “  Pe  Ll>  2 

where  m  la  the  bearing  houaing  mass,  lba.aec  /inch,  Co  la  tha  angular  speed  of 
the  journal,  radiana/sec,  and  the  other  aymbola  are  defined  above.  There  can  be 
a  maximum  of  25  valuea.  The  maaa  may  be  aero  if  deaired. 


Liatjof^uggor^Damgin^^alue^^SKlAjb^ 

If  ND  •  0,  thia  Hat  ia  omitted  and  the  aupport  haa  no  damping.  Otherwlae,  the 
liat  conaiata  of  up  to  five  carda,  giving  a  total  of  ND  valuea  of  the  dimension- 
leaa  aupport  damping: 


where  §a  ia  the  aupport  damping  coefficient,  lba.aec /inch,  and  the  other  symbols 
are  defined  above. 


Bo 


Be 


The  aupport  damping  haa  a  strong  influence  on  tha  stability  of  a  flexible 
mounted  bearing.  Properly  chosen,  the  damning  may  vastly  improve  tha  stability 
limit  of  the  beering  or  even  remove  the  tendency  for  instability  all  together. 

To  determine  which  damping  to  provide,  a  whole  range  of  damping  velues  should  be 

-3 

tried  (aay,  from  10  to  10).  At  the  same  time,  the  aupport  stiffness  should 
be  considerably  smaller  than  the  bearing  stiffness  (of  the  order  of  one  half 
or  less  of  the  bearing  stiffness). 

COMPUTER  OUTPUT 


The  first  page  of  output  is  a  repetition  of  the  input  for  checking  purposes. 
Therefore,  follow  the  output  for  each  case.  The  output  valuea  are  identified 
by  text  aa  follows: 
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L/D:  the  L/D-ratio 


PR. RATIO*  the  supply  pressure  ratio  V*  ^*/f^ 

LAMBDA -8:  eha  raatrictor  coefficient  Aj 
LAMBDA:  tba  compressibility  cumber  A 
1C0BIXK:  the  aceantrieity  ratio  £ 

LAMBDA-T:  AjV 

Q:  tba  dimensionless  flow  ^  where  R  is  the  total  mass  flow  to  the 

bearing,  lbs. sec/inch,  and  the  other  symbols  have  been  defined  previously.  Thus, 
knowing  ^  ,  the  bearings  gaa  consumption  can  be  determined. 

M-O:  the  dimensionless  orifice  flow  which  is  given  by  the  right 

hand  side  of  aq.  (K-31),  Appendix  V.. 

PS I:  the  dimenslonlass  rate  of  change  of  flow  with  changing  downstream  pressure 

(defined  by  aq.  (K-60) ,  Appendix  Vj>. 

0K1V.  PR.  RATIO:  the  pressure  ratio  ^  /lj  across  the  feeder  hole  (  is  the 
pressure  downstream  of  the  feeder  hole).  . 

V/PALD:  V/PaLB,  the  dimensionless  bearing  load  where  TJ  is  the  bearing  load,  lbs. 

V/DPLD:  W/(Pj  )LD 

ATT.  ANG:  the  attitude' angle  (f  ,  degrees. 

FR/PALD:  -  ^r/P*LD  »  the  dimensionless  radial  component  of  the  bearing 

reaction,  eq.  (B-119),  Appendix  V. 
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FT /PAID:  ,  the  dimensionless  tangential  component  of  the  beering 

reaction,  eq.  (8-120),  Appendix  V. 

COX /PAID:  ,  the  dimensionless  rsdiel  spring  coefficient, 

eq.  (8-131),  Appendix  V, 

CWCXX/PALD:  ^/fcLD  ,  the  dimensionless  radial  damping,  eq.  (8-131), 

Appendix  V. 

CXZY/PALD:  *  the  dimensionless  radial  cross -coupling  spring 

coefficient,  eq.  (8-131),  Appendix  V, 


CWCXY/PALD:  ,  the  dimensionless  radial  cross -coupling 

damping,  eq.  (8-131)  Appendix  V. 

CKXX/PALD:  R^.  -  »  the  dimensionless  tangential  cross -coupling 

spring  coefficient. 

CWCYX/PALD:  8tr  ■  *  the  dimensionless  tangential  spring  coeffic¬ 

ient. 

CWCYY/PALD:  Bft  “  »  the  dimenslonlesa  tangential  danping. 


BFF.  STIFF-1:  the  major  dimensionless, effective  stiffness  Kg  (eq.  (D-24), 
Anpendlx  IV, with  plus  in  front  of  the  square  root  instead  of  minus. 

EFF.  SfIFF-2:  the  minor  dimensionless, effective  stiffness  Kg,  eq.  (D-24), 
Appendix  IV , 


EFF.  DAMP-1:  the  major  dimensionless,  effective  damping  ^  8g  (eq.  (D-25), 
Appendix  IV,  with  plus  in  front  of  the  square  root  instead  of  minus. 


BFF.  DAMP -2 :  the  minor  dimensionless,  effective  damping  ,  eq. (D-25) 

Appendix  IV. 
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IWQ/W:  }  •  tha  frequency,  ratio. 

a*GAM)2:  ,  saa  eq.  (D-28),  Appendix 

IV. 

CMH2/PALD:  M  *CMC0Z/?aLD,  tha  diaanaionlaaa  journal  maas. 

CMW2/DPLD:  CM««/('Pj-PJLD  ,  dimensionless  expression  for  the  Journal  mass. 
MPA/liJ2L(I/C)5:  MP*  y^U*  L  (f  ^  ,  dimensionless  expression  for  the  journal  mass, 

mot:  tha  left  hand  side  of  aq.  (D-29),  Appendix  ZV.. 

PEKST.  STIFFN.:  K,  -  C K>/l^  L D  ,  the  dimensionless  support  stiffness. 

RUST.  DAMPING:  8#  “  B0/ yU  L  (f  /  ,  the  dimensionless  support  damping. 

K7V.  SUPPRESS:  the  minor  dimensionless,  effective  stiffness  kg  ,  eq.  (D-24) , 
Appanalx  IV. 

EfI.  DAMPING:  the  negative  of  the  minor  dimensionless,  effective  damping  y  8g 
eq.  (D*2S),  Appendix  IV. 

In  each  combination  of  ^  f  V  f  there  is  a  separate  output  which  begins 

by  specifying  the  appropriate  values  of  and  £  ,  and  then  gives  the 

corresponding  bearing  flow,  the  load  carrying  capacity,  the  attitude  angle,  the 
8  dynamic  coefficients  and  the  four  effective  coefficients  as  identified  by  the 
labels  explained  above.  The  dynamic  and  the  effective  coefficients  are  calculated 
for  the  first  frequency  ratio  given  in  the  input  data.  Thereafter,  follow  the 
result  of  the  stability  calculation  for  a  rigid  support  where  eqs.  (D-28)  and 
(D-29)  (  (l*GAM)2  and  S2K0R)  are  listed  for  the  specified  values  of  the  frequency 
ratio.  The  threshold  of  instability  occurs  when  the  "error"  is  zero  and  the 
program  determines  this  by  interpolation.  For  the  threshold  value  of  the  frequency 
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ratio,  tha  dimensionless  journal  aaaa  is  given  in  thraa  different  foraa, 
idantlfiad  by  tha  labals  explained  above. 

Whan  tha  baaring  is  flaxibly  supportad,  tha  precaedlng  results  are  followed  by 
tha  calculations  of  tha  stability  of  tha  flaxibly  supportad  baaring.  7irst,  the 
dimensionless  support  stiffness  is  given  together  with  tha  corresponding  thresh¬ 
old  value  of  the  dimensionless  journal  mass  for  an  undamped  support.  There¬ 
after,  for  each  specified  value  of  the  dimensionless  support  damping  is  a  6 
column  list  with  the  results  of  the  calculations.  The  first  column  gives  the 
frequency  ratio  ^  the  second  column  gives  th*  third  column  gives  the 

dimensionless  minor  effective  bearing  stiffness,  the  fourth  column  gives  the 
dimensionless  minor  effective  bearing  damping  and  the  sixth  column  gives  die 
”0*01”.  Whan  an  instability  threshold  is  found,  the  corresponding  dimension¬ 
less  journal  mass  is  given  in  three  different  forms  in  columns  3,  4,  and  3. 

For  any  given  support  damping,  there  may  be  up  to  three  Instability  thresholds. 
At  a  threshold,  the  "error"  must  be  very  small  (in  theory  it  should  be  sero). 

This  condition  should  be  used  to  "weed  out"  a  false  root  which  frequently  occurs. 
At  such  a  false  root,  Mjl  goes  to  plus-minus  infinity  on  either  sida  of  the 
frequency  ratio  value  and  the  corresponding  dimensionless  journal  mass  will 
tend  to  be  very  large  (in  theory,  it  is  infinite).  The  solution  should  be 
Ignored.  It  should  be  noted,  however,  that  there  are  proper  solutions  where 
tha  dimensionless  journal  mass  also  is  very  large  which  must  not  be  ignored. 

SAMPLE  CALCULATION 

In  back  of  thU  Appendix  is  shown  the  input  for  calculating  tha  stability  of  a 
flexible  supported  bearing  (L/D  •  1,  £  ■  0.02,  -  0.7,  Xm  1.5,  6  ■  1000, 

4  values  of  ,  7  values  of  -A  ,  3  values  of  support  stiffness  and  15 

values  of  support  damping).  Also  shown  are  the  first  couple  of  pgges  of 
output.  The  results  are  most  conveniently  plotted  on  logarithmic  paper  with 
the  support  damping  as  abclssa  and  tha  dimensionless  journal  mass  as  ordinate 
for  fixed  values  of  the  supply  pressure  ratio  and  the  support  stiffness.  The 
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compressibility  number  is  used  as  a  parameter.  A  typical  plot  is  shorn  in  figure 
27.  From  such  a  plot  it  can  be  determined  what  support  damping  to  provide  to  - 
gptow  the  stability  limit  of  the  bearing.  A  more  detailed  discussion  is  given  in 
the  body  of  the  report. 
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INPUT  FORM  rot  COMPUm  PMGgAM 
PN0144:  THK  PEEPOKHANCB  AND  STABILITY  OF  A  HYB1ID  JOU1NAL 
MAKING  WITH  PMXIBLB.  DAMPED  SUPPOKT 

Table  of  Vena  Contracta  Coefficients  (5E14.6) 


Give  25  values  of  the  orifice  vena  contracta  coefficient  Cg 


Card  (5B14.6) 

k,  the  ratio  of  specific  heats 
Card  (72H) 


Text 


Card  (815) 

1.  NVL 

Number  of  -values  in  input  (NVL  £25).  If  NVL  •  0, 

the  bearing  is  purely  hydrodynamic  (NLB=£  0). 

2.  NLSL 

Number  of  -Aj  -  values  in  input  (NLSL  £  25).  When  NLSL  *■  0, 
NVL  must  be  sero. 

3.  NLB 

Number  of  -A-values  in  input  (NLB  —25) . 
ing  is  purely  hydrostatic  (NVL^  0). 

If  NLB  ■  0,  the  bear 

4.  NBP 

Number  of  £  -values  in  input  (NBP  25). 

5.  HNS 

If  NLB  zfc  0,  HNS  gives  number  of  ^-values 
0,  HNS  gives  number  of  6  -values  in  input 

in  input.  If  NLB  " 
(HNS  £  95) . 

6.  MX 

Number  of  finite  difference  increments  (HT  £  30) . 
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7.  nrr 


Ot  Bearing  support  la  rigid.  1:  Bearing  support  la  flexible 


s.  nr 


0:  More  Input  follows.  1:  Last  set  of  input. 


1.  L/D,  the  length-to-diameter  ratio. 

2.  A  >  the  source  correction  faccor  (see  eq.  (K-50),  Appendix  V) 

3.  S  -  ®/</c  ,  the  inherent  compensation  factor. 

*.  "V*T>LC  ,  the  feeder  hold  volume  ratio. 

List  of  8upp1v  Pressure  Batlos  (5K14.6) 

Give  HVL  values  of  V*  ^5/pa  •  Omit  the  list  when  NVL  -  0. 

List  of  taatrictor  Coefficients  (5B14.6) 


Give  HLSL  values 


of  -Aj  . 


Omit  the  list  when  NVL  **  0  (and,  hence,  NLSL  »  0) , 


it  of  Compressibility  Numbers  (5K14.6) 


Give  NLB  values  of  -A.  .  Omit  the  list  when  NLB  -  0. 


Lst  of  Eccentricity  Katios  (5B14.61 


Give  NIP  values  of  C  (C'fO) 


of  Frequency  Ratios  or  Squeese  Numbers 


If  MLB  ^  0  (hybrid  or  hydrodynamic  bearing) ,  give  MRS  values  of  the  frequency 
ratio 


-246- 


If  NLB  -  0  (hydrostatic  bearing),  give  HNS  values  of  the  squeese  number  & 
Rote:  If  INT  -  0,  omit  the  following  input  data. 

Card  (815) 

1.  NK  Number  of  support  stiffness  values  in  input  (1  —  NK  25) 

2.  NK  Number  of  support  mass  values  in  input  (1  NK  ^  25) 

3.  ND  Number  of  support  damping  values  in  input  (ND  —  25) 

List  of  Support  Stiffness  Values  (5E14.6) 

Give  NK  values  of  ttu'  dimensionless  support  stiffness. 

List  of  Support  Maas  Values  (5B14.6) 

Give  NM  values  of  the  dimensionless  support  mass  (may  be  zero). 

List  of  Support  Damning  Values  (5K14.6) 

Give  NO  values  of  the  dimensionless  support  damping.  Omit  the  list  when  ND 
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SJ09  0*20*70000  66-2X7  CHASMAN  APFL 

IBJOb  X7I 
:fi  r"  XT  i 

o  i  mi  i)  ii in* i  (nmniim  tzizzzzizziziu 

MECHANIC  VL  'EC*-N0L0GY  INC*  JORGEN  W*  uUND  6-22-1966 
PNC  166  HYBRID  JOURNAL  BEARING  STABILITY  4 ITH  FLEX-DAMPED  SUPPORT 
DIMENSION  TCR!  ?D  *TFE  f 31 1 »VFR  I  3X1 *VFE <311  .EPS- 1 25) »FRR I  31 1 »FJR (31 ) 
DIMENSION  1 J£t  31 1 «VCF I 26  I .BSI Gl 05 ) 

DIMENSION  FFI93)*EFI95I  *°D<L <231 *30L <251 *PJML 123) 

DIMENSION  VLSTI99).FLSL(99;*FLBLt99)»  GST C 99  I »PZ2 I 

199>*PZNI99I 
Yl-0.0 

READ!  5*301  MVCcm.  1-2*26  > 

READ! 5*301) ADC 
VCF ( 1 ) -1 *0 
WRITEI6.310) 

WRI TE  16*810  HVCF(I).  1*2*26) 

WRITEI6*315) 

13  READ! 5*300 ) 

READ! 5*  302 )NVL .NLSL *NLB »NEP .MNS *MT  » I  NT • I NP 

READ(5.301)FlD.PRC.CMP.FDVL 

WRITE(6*300) 

WRITEI6.303) 

WRI TE! 6*3061 NVL.NLSL*NL8.NEP*MNS.MT.INP 
WRITE!6*309) 

WRlTEI6*aiO)  PRC.CMP.FDVL.ADC 
IF1NVL)  15*16*15 
16  VLSI  ID  -2*0 
FLSLUI-0.0 
GO  TO  20 
15  WRITEI6*305 I 

READ! 5*301 ) I VLST 1 1 ) *!>1*NVL) 

WRITE! 6*810) I VLST I  I ) . I -1 *NVL ) 

WRITEI6.306) 

REAOI 5*301) IFLSLI I >  *!«1*NLSL> 

WRITE! 6*810) (FLSL! I ).l»l.NLSL» 
if  INLB)  20*19*20 

19  FLBLi 1 )-l*0 
GO  TO  22 

20  WRITEI6*307) 

READ! 5*301 ) I FLBLI I ) c!»l.NLB) 

WRITE (6 *810) I FLBLI I )*t»l.NLB) 

22  WRITEI6*316) 

READ! 5*301)1 EpSLt I ) • I- ltNEP) 

WRITE  1 6  *810)  IEPSLI  D.I-l.NEP) 

WRITEI6.308) 

REAOI 5*301 ) IBSIGI I ) .1-1. MNS) 

WRITE  IS *810) IBSIGI I ).I«1 .MNS) 

I F X  INTI  26.29,24 
24  REAOI 5.302 INK.NM.ND 

READ!  3,301)  I  PDKL I  II  .1-1.  NIC! 

READ! 5*301 ) IPDMLt I  1 .1*1. NM) 

1 F I  NO  >  29,29,27 
27  REA0l5.301)IP0Hli.I»l. NO) 

29  EX6-2.0/IADCM.0J 
EX 1-1*0/ 1  ADC- 1*0 ) 

EX7-I EX6**EX1 l*SQRT  (EX6*ADC) 

EX4-2.0»EX1 
EX1-A0C»EX1 
CRP-EX6»*EX1 
C 1 -SORT  I2.0«EX1) 
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%*;  1 


”xo» : • ;/r*6 
•X'ti.VAX 

-it=c.:-c«P)/50.c 

CX-CRP 

00  i\  1 1 1  »!>0 

cx-cx+oir 

C5*CX**EX1 

51  O&T ( 1 ) *C1*C5*SQRT  I1.0-CX/C5) 
C1*1.0-KMP*CMP 
CMP-0. 5/Cl 
Cl-MT 

0LT-FL0/C1 

DL2*DLT*DLT 

Dt2H«0.5*DL2 

SrACT»l. 5707963/Cl 

MT1«MT*1 

00  285  NV-l.NVL 

V*VLST(NV> 

VMW-V-1.0 

V2*V»V 

00  284  NLSM.NLSL 
FLA$*FLSL(NLS» 
flat*flas*v 
ci*flat*v*fld*prc 

CX-SQRT  ( 1.0+C1*EX7»/V 
IF  < CRP-CX )  152.151.151 

151  0«FLAT*V*£X7 
SLP-0.0 
PZ*V*CX 
VC*1.0 
DVC«0.0 

GO  TO  200 

152  C2«V*CRP 
C2*C2*C2-1 .0-Cl*EX7 
C4-DIT+DIT 
CX-CRP+C4 

KS-0 

L*2 

M«2 

154  VC-VCF(M) 

155  C5»CX*CX*V2-1.0-Cl*VC*QSTIL J 
IF  (KS)  161.158.161 

158  C6«C5»C2 

IF  <C6)  160.160.159 

159  L *L+2 
M*M+ 1 
C2*C5 
CX-CX+C4 

IF  ( L-50 »  154.154.284 

160  KS*1 
C7*C5 
L  *t_- 1 

C5*VCF(M-1 ) 

D VC* I  VC  -C51/C4 
VC* ( VC+C5 ) /2 .0 
CX*CX-0  I  T 
GO  TO  155 

161  C1*C4*C4 

C1*2.0*(C2-K?-2.0»C5)/C1 
C  3* ( C  7-C2 ) /C4 
IF  (CD  163.162.163 
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162  C6«-C5/C3 
GO  TO  166 
161  C4*r,.5»C3/Cl 

C6*S3RT  (C4*C4-C5/C1 I 
IF  (C4)  164.165.165 

164  C6  —  C6 

165  C6-C6-C4 

166  CX-CX+C6 

167  PZ*V*CX 
0«(PZ*P?-1.0)/FLD/PRC 
VC*VOC6*DVC 
C4=VC*FLAT*V 
C4-Q/C4 
C5»-DVC/VC 
C6=CX**EX 1 

SL1«VC/2.0*FLAT/PZ* (C5*C4+fcX4*C6/C4*( EX6-C6/CX ! ) 

200  PZS031.0+Q»FLD 
PSOPZ 

PZ*SORT<PZSQ) 

C4«SL1*FU0*PRC 

C4* (PRC+C4 ) / ( 1.0+C4) 

FDV1 =C4*FDVL/PSC*FLD*DLT 
SLP*C4#SU 1 

BCZ*(CMP*O-SLP*PZSO)*0l  T 
BCZ 1 =0L  T*SLP 
IF(NVL)  192.191,192 

191  FLWZ*0.0 
SPZ*1. 5707963 
GO  TO  193 

192  FLWZ*Q/(FLAT*V) 

SPZ-(PZSQ*PZ-1.0)/F|_D*1.0471976/G 

193  PZ2 ( 1  I =PZSQ 
ci=>i.o+q*fld 

C 2  *Q*OL  T 
PZN ( 1 ) *PZ 
00  201  1*2. MT1 
C1-C1-C2 
PZ2( I 1*C1 

201  PZNU>*SQPT  (Cl) 

DO  283  NL  = 1 «NLB 
FLArFLBUNL) 

IF  ( NLB )  198,197,198 

197  FLA=0.0 
fl  X  =  1 .0 
GO  TO  199 

198  FLX=2.C*FLA 
FLA2=FLA*FLA 

199  FLFZ=FLA/PZ 
PR=-DL2H*PZSQ 
PE  *  0  «  0 

R  R  *  0  L  2  H 
RE  =  DL2H*FI.FZ 
TFR( 1 ) =0.0 
T  F  E ( 1 ) *0.0 
VFR ( 1 )  =  1  .0 
VFE<1 1*0.0 
C1=0.0 
C  2  =  0 . 0 
C3=0.5/PZ 
C4=C.O 

DO  205  1=2. MT1 
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TFR< I  I «TFR< l -  1 ) ♦PR+BCZ 
TFE<  I  l*TF£(  1  - 1 1  >PE 
VFR ( I )  -VFR  (  1-1  >*RR-fBCZl 
VFE ( I ) -VFE ( 1-1 »+RE 
C5-PZNI I ) 

IF  < I -MT 1 )  203.202.202 
C5«2.0*C5 
C6-1.0-TFRI I ) 

C7-TFEI I ) 

C8-VFRI I ) 

C9-VFEI I ) 

GO  TO  204 

203  C6-FLA/C5 

PR-PR+DC2*! TFR( I > -C6*TFE <I) -C5*C5 > 
PE*PE+DL2»CTFE< I )+C6*TFR< I ) ) 

RR-RR+DL2*<VFR< 1 )-C6*VFE< I >  > 

RE»RE+DL2*(VFEI I )+C6*VFRI I ) ) 

204  C1-C1  +  TFRI  D/C5 
C2-C2+TFEI  II/C5 
C3*C3+VFR ( I )/C5 

205  C4-C4+VFE ( I ) /C5 
C5*C8*C8*C9*C9 
HZR-IC6*C8-C7*C9)/C5 
HZE*  ( -C6*C9-C7*C8 ) /C5 
SFZR-SFACT*(C1+C3*HZR-C4*HZE) 
SFZE*SFACT*(C2+C3*HZE+C4*HZR> 

DO  206  1*1. MT1 

TFRI 1 1  * ( TFR ( 1 )+HZR*VFR ( I )-HZE*VFE< I ) )/PZN< I J 

206  TFE ( II  * ( TFE ( I )>HZE*VFR( I l+HZR*VFEI 1 ) >/PZN< I ) 
FRSW-SPZ-SFZR 

FTSW—SFZE 
DO  282  NE-l.NEP 
EPS*EPSL(NE) 

MC-MNS 
GAM-0.0 
EP2-EPS*EPS 
E7-1.0-EP2 
C 1 -SORT  <E7) 

C2-1.0+C1 
E1  =  2*'V,:Z 
E2-E1-C."': 

E3-E1/C1 

E4«E3*EPS 

E5»E4*EPS/C2 

E6*2.0/(C1»E7»-E3 

E7=E4*EP5/E7+E5/C1 

FRS*E4*FRSW 

FTS-E2*FTSW 

WPLD-SORT  <FRS*FRS+FTS»FTS) 

WDPlD-WPLD/VMW 
IF  (FRSI  230.226.230 

226  IF  ( FTS )  227.228,229 

227  ANGZ— 90.0 
GO  TO  232 

228  ANGZ-0.0 
GO  TO  232 

229  ANGZ-90.0 
GO  TO  232 

230  ANGZ-FTS/FRS 
ANGZ-57.295780*ATAN  t ANGZ ) 

IF  (FRS)  231.232,232 
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231  ANGZ»ANGZ'*180.0 

232  WRITE!6*311 ) 

WRITE <6.8 10 ) FLO. V.f LAS.FLA.EPS 
WR I TE • 6  *312 ) 

WRITE  I  6.810 IFLAT.O.FLWZ.SLP.CX 
WRITE16.313) 

WRITE <6. 810 (WPLD.WDPLD.ANGZ.FRS.FTS 

FRS«FRS/EPS 

FTS-FTS/EPS 

MS*2 

KC*0 

LC=0 

KK-0 

00  281  NS3 1 *MNS 
SIG  =  BMG<NS) 

S IG2=5IG*SIG 
IFiNS-2)  250.550*250 
550  WRITEI6.318) 

250  KS*0 
SIG2=SIG*SIG 
AS*BCZ 

FDV2*FLX*SIG*FDV1 
AS1=FDV2*PZSQ 
BS= 1 • 0 

DO  251  1  =  1. MT1 
FRR ( I ) =-PZ2 ( I ) 

F  JR ( I )*0.0 

251  FJ£(I)=0.0 

252  PR=0L2H*FRR  (  1  ) 

PE=0.0 

QR  *DL2H*F JR ( 1 ) 

QE=-DL2H*FJEI  1 ) 

RR=DL2H 

RE=DL2H*FLFZ 

SR=DL2H*FLX/PZ*SIG 

SE*0* 0 

TR*0.0 

TE*0.0 

ljR*0  •  0 

UE*0.0 

VE=0.0 

WR*0»0 

WE=0.0 

VR*  1*0 

C1*C.0 

C2*0.0 

C3=0.0 

C4=0.0 

C6*0.0 

C7»0.0 

C8*0.0 

C5*0.5/PZ 

DO  256  I  =2  *MT 1 

TR  =  TR-*-PR+AS 

TE*TE+PE 

UR*-UR+OR— A  5 1 

UE*UE+QE 

VR*VR+RR+BCZ 1 

VE-VE+RE 

WR*WR+SR+FDV2 

WE*WE>SE 
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A  1 «PZN (  t ) 

IF  (I-MTI)  254*253.253 

253  A  1  *2 .0 

GO  TO  255 

254  A2*FCA/A1 
A3«FLX/A1*SIG 

PR»PR+DL2*<TR-A2*TE-A3*UR+FRR( I > ) 

PE-PE+DL2* ( TE+A2*TR-A3*UE I 
QR*OR+OL2*(UR-A2#UE*A3»TR+F JR( I ) ) 
OE*OE+OL2*(UE+A2*UR+A3*TE+FJE( I ) > 
RR»RR+DL2*(VR-A2*VE-A  3*WR ) 
RE*RE+OL2*(VE+A2*VR-A3*WE ) 
SR*SR+DI_2#(WR-A2#WE+A3*VR) 
SE«SE+OL2»IWE+A2*WR+A3*VE) 

255  C1-C1+TR/A1 
C2«C2+TE/Al 
C3*C3+UR/A1 
C4«C4+UE/A1 
C5»C5+VR/A1 
C6«C6+VE/AI 
C7*C7>WR/A1 

256  C8*C8+WE/A1 
TR=BS-TR 

A 1  =  TR*VR  +  TE*VE-UR*WR+UE*WC 

A2=TR*VE-TE*VR-UR*WE-UE*WR 

A3«-TR*WR-TE*WE-UR*VR+UE*VE 

A4=-TR*WE+TE*WR-uR*VE-UE*VR 

A5»=VR*VR-VE*VE  +  WR*WR-WE*WE 

A6=2.0*(VR*VE+WR*W£) 

A7=A5*A5+A6*A6 
HZR=(A1*A5+A2*A6)/A7 
HZE=(A2*A5-A1*A6  J/A7 
HZJR*< A3*A5+A4*A6)/A7 
HZJE»<A4*A5-A3*A6)/A7 
IF(INP)  401.402.402 
401  WRIT£(6.810)A1.A2.A3.A4.A5 

WRITE! 6.810) A6.A7.HZR.HZE. HZ JR 
4C2  G2RR=SFACT*(C1+HZR*C5-HZE*C6-HZJR*C7+HZJE*C8 ) 
G2RE*SFACT*<C2+HZR*C6+HZE*C5-HZJR*C8-HZJE*C7) 
G2JR*SFACT*!C  3+HZR*C7-HZE*Ctt+HZ JR*C  5-HZ JE*F 4 • 
G2  '"-SFACT*!  C4+HZF  «^<j+HZE*C  7>HZ  JK*C6+HZ  JE*>-^» 
IF  (<S)  259.257,259 

257  G1RR*G2RR 
G1RE=G2RE 
G1JR=G2JR 
G 1 JE=G2 JE 
r.s*i 

AS*0.0 

AS  1 *0 . 0 

BS*0.0 

A 1 *S I G*FLX 

00  258  I-l.MTl 

FRR ( I ) =0.0 

F JR ( I )«A1*TFE( I  ) 

258  FJE! I >*-Al*TFR< I ) 

GO  TO  252 

259  CRR=E6*SPZ-E7*SFZR-E3*G1RR 
CRJ=-E3*G1 JR 
ORR=-E3*G2RR+FTS 
0RJ*-E3*G2JR 
CTR»-E5*SFZE-E1*G1RE 
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CTJ— E1*G1JE 
OTR— El»G2RE-FRS 
DTJ— El*G2JE 
Al«!CRR+DTR)/2.0 
A2»CRJ-DTJ 
A3«0.5»A 2 

A4«DRR*CTJ-KTR*ORJ 
A5«DRJ*CTJ-CRJ*OTJ-DRR*CTR 
C3»!A1*A1-A3*A3+A5 1/2.0 
C4»!A1*<CRJ+DTJ1-A4 1/2.0 
C4«C3*C3+C4#C4 
C4-S0RT  ( C4 1 

FFC— C3+C4  ' 

FFOSORT  (FFC1-A3 

C3«CRJ+FFC 

C4-FFC-0TJ 

C5«C3*C4 

EFC* (CRR»C4-DTR*C3*A4 1 /C5 
I F  «  LC 1  719.188.719 

188  IF(KC)  190.189.190 

189  FF « NS  1 »FFC 
EF(NS)«EFC 

190  WRT«<A4-CRR*DTJ-DTR*CRJ)/A2 
C4-WRT 

FEJL" ( CRR-WRT 1  *(  DTR+WRT 1 +A5 
IFINS-1)  510.510,511 

510  CTR— CTR 
CTJ— CTJ 
DTR—DTR 
DTJ— DTJ 
WRITE16.321 1 

WRITE! 6.81 01CRR.CRJ.0RR.0RJ 
WR1TEI6.322) 

WRITE (6. 810) CTR, CTJ. OTR, DTJ 

C3«A3*A3-FEJU 

I F ( C3 1  512.513.513 

512  Cl— 1.0 
C2  — 1.0 
C3  — 1.0 
C4— 1.0 
GO  TO  514 

513  C3«SUKf(CJ) 

C4-A3+C3 

C5-A3-C3 

C3-2.0*C3 

C3*(A1»(CRJ-DTJ5-A4)/C3 
C2*  ( CRR+DTR 1/2.0 
C1*C2+C3 
C2*C2-C3 

514  WRITEI6.3231 
WRITE(6.810>C1.C2.C4,C5 
GO  TO  281 

511  IF  ( NU8 1  195.194,195 

194  WRT1*WRT 
WRT2*-WRT /VMW 
WRT3«WRT/SIG2*288.0 
GO  TO  196 

195  WRT 1 *WR  T 

WRT  *WRT 1 /S IG2 

WRT2*WRT/VMW 

WRT3«WRT/FI_A2*72.0 


196  1 F ( KK I  520*521.620 

52 1  WRITE(6.804)SIG.WR71,rcJL 
GO  TO  522 

520  WRITE* 6.803 > S  IG.WRT 1 ,WRT .WRT2 .WRT3 »FEJL 
KK*0 

522  IF  (KC>  273.260.254 

260  IFINS-2)  262.262.261 

261  Cl*  Y1  *FE JL 

IF  (Cl)  263.273.262 

262  Yl-FEJC 
X1*SIG 
W1  *WRT 
MS*M$+ 1 

IF(MNS-MS)  571,281.281 
571  IF(INT)  699,282.699 

263  Y3*FE JL 
W3*WRT 
X3*SIG 
KC*1 

DSIG*X3-X1 
SIG*SIG-0.5*DSIG 
GO  TO  250 

264  Y2*FE JL 
W2*WRT 
X2-SIG 
C3*X3-X2 
C4-X2-X1 
C5-X3-X1 
C6*(Y3-Y2)/C5 
C6*C6/C3 
C7*< Y1-Y2I/C5 
C7*C7/C4 
C5-C6+C7 
C4«C4»C6-C3*C7 
06* ( W3-W2 ) /C5 
D6-06/C3 

07* ( W1-W2  > /C 5 
D7*D7/C's 
A 1 *06+07 
A2»C4*06-C3*07 
A3*W  2 

I F ( C5 I  266.265.266 

265  C3—Y2/C4 
GO  TO  271 

266  C4*C4/C5*0#  5 
C5*C4*C4-Y2/C5 
C5=53RTCC5> 

IFIC4)  2 69.270.270 

269  C5*-C5 

270  C3*-C4+C5 

271  5IG  -X2+C3 

WRT*< A1*C3+A2 )*C3+A3 
KC*-1 

WRITE(6,810)SIG.WRT 
KK  =  1 

GO  TO  250 
273  KC*0 

FFC1-FFC 

EFC1-EFC 

FKAP=C4 

GAM*SIG 
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GAM2-SIG2 

MC*NS 

IFUNT)  290.282.699 
290  Y1-Y3 
W1»W3 
X 1  «X3 
GO  TO  281 

699  I  PC-  1 

700  PDK*PDKL ( IK) 

POKO*POK*POK 
IF(GAM)  703.704.703 

703  C1*FKAP+PDK 
C1«FKAP/C1*P0K/GAM2 
WRITE(6»811 IPDK.C1 

704  I M- 1 

701  PDM*PDML(IM> 

PDM1 *  1 »  O+PDM 
P0M2«PDM1*P0M1 
IF(POM)  705.706.705 

705  IF(GAM)  698.706.698 

698  C1*<PDK+FKAP»PDM1 ) /P0M*0.5 
C2*P0K/PDM*FKAP 
C3«C1*C1-C2 
C3*SQRT  ( C3 ) 

C  2  —  C  C1-C3 ) /GAM2 
Cl  =  :  Cl  tC3)/GA.v,2 
WRITEI6.814) 

WRITE<6.802) POM .PDK.C1.C2 

706  IFINDI  741.741,707 

707  I D-l 

702  POPl-PDU  ID) 

PDP«PDP 1/12.0 *F LA 

pdpq»pdp*pdp 

WRITEI6.812IP0P1 

WRITEI6.314) 

NC-2 
JC-0 
LC*  1 

718  FFOFF(NC) 

EFC»EF<NC) 

X»BSIG(NC) 

719  C2*X*X 
C1«C2*PDPQ 
C4-PD P*X 
S3*C4-PDM1*FFC 

S3* (C4*EFC-PDK*FFC I /S3 
C3*P0K-PDM1*S3 
C3*C3*C3+C 1 
ERR3=FFC-C4*S3/C3*S3 
IF(NLB)  501,502.501 

502  RT1*S3 

RT2-S3/VMW 
RT3=S3/C2  *288.0 

GO  TO  503 

501  RT1=S3/C2 
RT2rRT 1 /VMW 
RTJ*RT1 /FLA2*72.0 

503  I F ( KK )  523.524,523 
524  WRITE(6,804)X,S3»ERR3 

W«'TE(6,805)EFC,FFC 
GO  TO  525 
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523  WRITE(6.803)X.S3.RT1.RT2,RT3.ERR3 
WRITEI6.805JEFC.FFC 
KK*0 

525  IF(JC)  760 *728*720 
720  JC*0 

GO  TO  733 

728  I F ( NC-2 1  729.729.730 

729  X3*X 
Y3*ERR3 
NC-NC+1 
GO  TO  718 

730  X 1 “X3 
X3«X 
Y1-Y3 
Y3-ERR3 
C3«Y1* Y3 

I F  f C3  >  731.720.733 

731  JC— 1 
X-IX1+X3J/2.0 
SIG«X 

GO  TO  250 

733  NONC+1 

IF(MC-NC)  740.734,718 

734  I F ( GAM  1  735,718,735 

735  X*GAM 
FFC-FFC1 
EFC-EFC1 
GO  TO  719 

760  X2*X 
Y2-ERR3 
C3-X3-X2 
C4-X2-X1 
C5-X3-X1 

C6»  I  Y3-Y2 ) /C5 

C6-C6/C3 

C7» ( Y1-Y2 ) /C5 

C7-C7/C4 

C5*C6+C7 

C4«C4*C6-C3*C7 

I F ( C5 I  762.761,762 

761  C3«-Y2/C4 
GO  TO  765 

762  C4«C4/C5*0.5 
C5*C4*C4-Y2/C5 
C5*SQRT  ( C5 ) 

IFIC4I  763.764,764 

763  C5—C5 

764  C^a~C4+C5 

765  X=X2+C3 
S  IG*X 
JC*1 
KK*1 

GO  TO  250 


740 

ID-lD+1 

I F  <  NO- 1 0 ) 

741 

,702 

.702 

741 

I M* 1 M+ 1 

IF(NM-IM) 

742 

,701 

,701 

742 

IK= IK+l 

IF(NK-IK) 

281 

,700 

.700 

281 

CONTINUE 

282 

CONTINUE 
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263  CONTINUE 
284  CONTINUE 
283  CONTINUE 

IFIINPI  508.18.508 
16  WRITEI6.315) 

GO  TO  13 
508  STOP 
300  FORMAT (72H1 

1  ) 

3C1  FORMAT <5E14. 6) 

302  FORMAT! 815  I 

303  FORMAT (6H0  NO.V7X5HN.L-S6X5HN.LAM6X4HN.EP7X5HN.SIG6X4HDIVS8X3HINP) 

304  FORMAT! IX I4.7XI4.7XI4.7XI4.7XI 4.7X14 .7X14) 

305  FORMAT! 16H0PRESSURE  RATIOS) 

306  FORMAT ! 14H0LAMBDA-S  LIST) 

307  FORMAT I12HOLAMBDA  LIST) 

308  FORMAT I26HOLIST  OF  FREQUENCY  RATIOS) 

309  FORMAT! 13H0  0R.RA.FCT5X8HINH.C0MP6X8HFEED.V0L4X11HSP.HE.RAT10) 

310  FORMAT I28H0VENA  CONTRACTA  COEFFICIENTS) 

311  FORMAT! 1H15X3HL/09X8HPR.RATI06X8HLAMB0A-S7X6HLAMB0A7X8HECCENTR.) 

312  FORMAT! 12H0  LAMBDA-T9X1HQ12X3HM-01 1X3HPS 1 6X 1 3HOR I F .PR. RAT  10 ) 

313  FORMAT  I 1H04X6HW/PALD8X6HW/0PLD7X7HATT.ANG7X7HFR/PALP7X7HFT/PALD) 

314  FORMAT! 11H0  FREO/W7X8H ! S*GAM > 25X9HCMW2 /PALD5X9HCMW2/DPLD3X14HMP 
1 A/MU2L  (R/O54X5HERR0R/29X13HEFF. ST  I FFNESS2X11HEFF.  DAMPING) 

315  FORMAT ! 1 H 1 ) 

316  FORMAT(20H0ECCENTRICITY  RATIOS) 

318  FORMAT  1 1 1H0  FREQ/W7X8H <  S*GAM ) 25X9HCMW2/P ALD5X9HCHW2/DPLD3X14HMP 

1A/MU2L ( R/C ) 54X5HERROR ) 

321  FORMAT! 55H0  CKXX/PALD  CWCXX/PALD  CKXY/PALD  CWCXY/PALD) 

322  FORMAT ( 55H0  CKYX/PALD  CWCYX/PALD  CKYY/PALD  CWCYY/PALD) 

323  FORMAT ! 55H0  EFF.STIFF-i  EFF. STIFF-2  EFF. DAMP-1  EFF. DAMP-2) 

802  FORMAT !4! 1PE15.7) ) 

803  FORMAT ! 6! 1PE14.6 I ) 

804  FORMAT ! 1PE14 .6 . 1PE 1 4. 6 .42X1PE14.6 ) 

805  FORMAT (28X1PE14.6.1PE14.6) 

810  FORMAT ( 5! 1PE) 4.6) ) 

811  F0RMAT(/16H0PEDEST.STIFFM.».1PE13.6.14H  MCW**2/PALD- . 1PE13.6 ) 

812  FORMAT  < /20HC  PEDESTAL  DAMPING*  .1  PE  13.6  I 

814  FORMAT ! / 14H0  PEDEST.MASS5X9HPED. ST IFF6X9HMASS  RT . 16X9HMASS  RT.2) 
END 


0.9985 

0.9955 

0.9915 

0.9871 

0.9/76 

0.9726 

0.9675 

0.9623 

0.9516 

0.946 

0.9402 

0.9341 

_ 0 . 9206 

.  0.913 

0.9046 

0.895  . . 

0.869 

0.8477 

0.8105 

0.736 

_i.»4 _ 

—  . 

hybrid-hydrostatic  ring 

bEARING  .  PS/PAM 

.25  .  7-7-1967 

1  1 

7  1  33 

15  1  0 

:  .c 

1.5 

1000.0 

o 

• 

o 

1  .25 

...  _ 

0.7 

0.3 

1.0 

2.C 

5.0  .  . 

30.0 

10C.0 

0.02 

1.0 

O'.OOuOl 

0.00005 

0.0001 

0.001 

0.O03 

0.006 

0.01 

0.06 

0.  1 

0.15 

0.2 

0.3 

0.35 

0.4 

0.42 

0.46 

0.48 

0.485 

0.49 

0.494 

0.496 

0.497 

0.498 
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HVBRI0-HYCR0STAT1C  RING  BEARING  .  PS/PA-1.25  ,  7-7-196? 

NO. V  N.L-S  N.LAM  N.EP 

117  1 

OR.RA.FCT  INH.COMP  FEED. VOL 

1 .500000E  Ou  l.OOOOOOE  03  0. 

PRESSURE  RATIOS 
1.25GCC0E  OC 

LAPBCA-S  LIST 
7.000C0CE-01 

LAPBOA  LIST 

3.000CC0E-01  i.COOOOOE  00  2.000000E  00 

3.0COCCOE  01  l.OOOOOOE  02 

ECCENTRICITY  RATIOS 
2.CCOOQOE-C2 

LIST  CF  FREQUENCY  RATIOS 
l.OOOCCCE  CO  1.0000006-05  5.000000E-05  lO.OCGOOOE-05  5.000000E-04 

10.CCOCOCE-U4  3.00000GE-03  6.000000E-03  10.000000E-C3  3.9OC0O0E-02 

6.000GOCE-C2  i.OroOOOE-Ql  1.500000E-01  2.GC9000E-01  2.5COOOOE-C1 

3 .OCOOCOE-O 1  3.500000E-01  4.000000E-01  4.200oG0E-01  4.400000E-C1 

4 .600000 E-01  4.800000E-01  4.850000E-01  4.900000E-01  4.920000E-01 

4.940C00E-01  4.9600006-01  4.970000E-01  4.980000E-G1  4.990000E-01 

5.00000CE-C1  5.010000E-01  5.10000QE-01 


N.SIG  OIVS  INP 

33  15  0 

SP. HE. RATIO 
1.409000E  OC 


5.GOOCOOE  00  i.OOOOOOE  01 
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wi-3) 


IB JOB  VERSION  5  HAS  CONTROL 
SIBJOB  NT  I 
tIBLOR  NT  I 


11/21/66 


MTI  0030 


VENA  CONTRACT  A 
9.9850006-01 
9.7760006-01 
9.516CC0E-01 
9.206C3GE-01 
8.6900096-0* 


COEFFICIENTS 
9.9550906-01 
9. 726Q09E-01 
9.460000E-01 
9.1 30000E-01 
8. 477J006-C1 


9. 9 15000E-01 
9.675000E-01 
9. A02000E-01 
9.0460C06-01 
8 • 105CQ06-01 


9.871000E-01 
9.6230006-01 
9. 34lo00E-Ui 
8 .950000E-01 
7.360000E-01 


9.8240006-01 
9. 570000E-01 
9. 276000E-01 
8.8360006-01 
6.000000E-01 


L/C 

TR. RATIO 

LAM30A-S 

l.OOOCOCE  Ci 

1.2 500. '06  CO 

7.0000C06-C1 

LAMeOA-T 

C 

S. 750000 E -01 

2.7621146-01 

2. 5253626-01 

U/PALO 

W/CPU3 

ATT. ANG 

2.022866E-C3 

8.P91465E-03 

4.3708806  ul 

CKXX/PALC 

CWCXX/PALO 

CKXY/PALD 

8.666243E-02 

1. 3778656-01 

6.7869156-32 

CKYX/PALC 

CWCYX/PALO 

CKYY/PALO 

-6.788353E-02 

1.3503266-02 

8.661582E-02 

EFF. STIFF-1 

trF.5TIFr-2 

EFF.OAMF-1 

1.0C3508E-01 

7.2927436-02 

2.0462406-01 

FREC/W 

I S»GAM)2 

CMH2/PAL0 

l.OOOCOOE-05 

6.6214076-32 

5.0000CCE-05 

6.6214F76-02 

10.0C0CCAE-95 

6.621407E-32 

5.CC0000E-C4 

6.6714376-02 

10.0C0C9CS-C4 

6. 6214  "<86-02 

3.00000^-03 

6.6214 166-92 

6.0C0CQCE-03 

6.6214576-02 

10.0CCC0CE-C3 

6.621547E-02 

3.00GCC3E-C2 

6.6226556-02 

6 .000C9r  E-'2 

6. 6264116-02 

1  •  0009C,'E-C  1 

6. 6353106-02 

1.500CCC6-0 1 

6.6526936-02 

2.CC0CCO6-01 

6 .6773206-92 

2. 5COCOOE-0  1 

6.728?  866—02 

3 .0C0C3r E-0 1 

6.7464786-02 

3. 5CQCCCE-C 1 

6.791589E-02 

4.C00C0CE-C1 

6.843601E-02 

4.200C  OOE-C 1 

6.866333E-72 

4.400CC0E-OI 

6.891169E-32 

4.6C0CC3E->'l 

6.9151:66-02 

A^COCO'e-Ol 

6.P4U39E-  32 

4.85CCC:E-C1 

6.9478226-02 

4.9C3C  ?*F-Ul 

6.9545716-02 

4.920C39E-J1 

6.9572886-02 

4. 940C  CPE— 0  1 

6.9600146-02 

4.960CC0E-9; 

6.96275PE-02 

4.97OC00E-01 

6.9641266-32 

4. 980C0CE- J 1 

6.P65536E-02 

4.990C006-C1 

6.9668926-02 

5.0C0CC0E-C  1 

6 . 968  2  7CE-02 

4.995C00E-31 

b.967579c-J2 

5.00CCJ9E-C1 

2.7878616-01 

5.CC000rE-0l 

6.9682706-02 

2. 787308E-01 

PEOEST.STIFFN. 

*  5 .^09r  00E-C2 

MCW*«2/PALD; 

PECESTAL  CAMPING*  2.C30000E 

-01 

FREC/W 

I S»GAM ) 2 

C.«W2/PALD 

EFF.  ST  If-FNHSS 

1.0CCCCCE-05  4. 9*599986-02 


LAMKC*.  ECCENTR. 

3.  f  'QCiOOE-C  1  2.j:03t>3S-CS2 

Pi!  ORIF.PR.RATIC 

1.332548E  00  9.514005E-01 

FR/PALO  FT/PALO 

1.462251E-C3  1.397788E-03 

CwCXY/PAU) 

-1.350596E-G2 

CWCYY/PALD 

1.377589E-01 

EFF.UAMP-2 
7.0921 46F-C2 

CMW2/DPUD  MPA/MU2L ( R/C 1 5  ERROR 

-4.933395E-03 
-4.933395E-03 
-4.933394E-03 
-4.933390E-03 
-4.933375E-03 
-4.933216E-03 
-4.932681E-03 
-4.9314126-03 
-4.915548E-C3 
-4.862C09E-J3 
-4.735124E-03 
-4. 48  7395E-03 
-4.1407B1E-03 
-3.695483E-03 
-3.151759E-03 
-2.SC9956E-03 
-1.7704246-03 
-1.4473466-03 
-1.108731E-03 
-7. 546 133E-04 
-3.85 32416-04 
-2.902138E-04 
-1.944393E-04 
-1.558591E-04 
-1. 1712586-64 
-7.B23U31E-05 
-5.873647E-05 
-3.9195896-05 
-1 . 961 708E-C5 
3. 224 159E- Id 
-9. U13994E-06 


1.114923E  30  2.229847E  02  -1.3687936-10 


1. 1644576-01 


CMW2/DPLD  MPA/MU2HR/C15  6RR0R 
EFF  .DAMPING 

-4.494735E  04 
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5.0C0C00E-05 
IO.OCGCOOE-05 
5.0000096-34 
1O.OC0C0CE-04 
3.CC0C00E-C3 
6.000C05E-03 
IO.OOOOOOE-C  3 
3.0000006-02 
6.0COCOOF-02 
1.0C0000E-01 
1.50000CE-G1 
2.0C0C00E-01 
2.5O0C0OE-O1 
3.000000E-0 1 
3.5COOOOE-C1 
4.00000CE-01 
4.200000E-01 
4.4,000096-01 
4.600000E-C1 
4.80CC90E-01 
4.700000E-G1 
4.6751856-Ci 
4.85CC0OE-01 
4.825C0CE-C1 
4.827751E-31 
4.9000006-91 
4.92CC006-01 
< .940C  OCE-C 1 
4.960C00E-C1 
4.970C0CE-01 


4.9999926-02 
4. 999983E-02 
4.999917E-02 
4.9998346-02 
4.9995016-02 
4. 9989986-02 
4.9983206-02 
4.9947996-02 
4.9890486-02 
4.9802646-02 
4.9667656-02 
4.9489626-02 
4.9239276-02 
4.8855266-02 
4.8183856-02 
4.6699866-02 
4.544253E-02 
4.3*07066-02 
3.6288716-02 
-6.733C18E-02 
2.5C3681E-02 
2.9205106-02 
1.9781796-01 
-1.1406886  00 
1.2707306  03 
9.5989496-02 
8.6I6499E-02 
7  •  9041 67E— 02 
7.5431076-02 
7.3690776-02 


7.3134406-02 

7.3133856-02 

7.3133166-02 

7.312765E-02 

7.312078E-02 

7 . 309331 E-02 

7.3052396-02 

7.299818E-02 

7. 2733596-02 

7.235728E-02 

7.189382E-02 

7.1376246-02 

7.0927346-02 

7.0547296-02 

7.0236186-02 

6.9994116-02 

6.9821146-02 

6.9771296-02 

6.9732546-02 

6.9704876-02 

6.9688256-02 

6.9695176-02 
1.3361686-01 
6.969735  E-u2 

6. 968585E-02 

6. 908693E-02 
5.4520986  03 
6.9686786-02 

6.968413E-02 

6.96B361E-02 

6.9683196-02 

6.968294E-02 

6.9682786-02 


6.989497E-02 

6.9889416-02 

6.9882456-02 

6.9826816-02 

6.9757266-02 

6.947903E-02 

6.9061666-02 

6.8S05106r02 

6.5721386-02 

6.1542916-02 

5.5966586-02 

4.8988836-02 

4.200385F-02 

3.5012686-02 

2.8016356-02 

2.1015886-02 

1.4012316-02 

1.1210256-02 

8.407920E-03 

5. 605391E-03 

2.8027256-03 

4.204C76E-03 
5.344673E-01 
4.551 807E-03 

2.1020476-03 

2 . 452388E-03 
2.1808396  04 
2.4138386-03 

1.4013676-03 

1 . 1 21G90E-C3 

8.4081946-04 

5.6054916-04 

4.2041116-04 


1.0689356  02 


4.3616786  06 


-9.0095106  03 
-4.5021976  03 
-9.0106186  02 
-4.5035586  02 
-1.4997716  02 
-7.4873536  01 
-4.4830336  01 
-1.4781636  01 
-7.2596406  00 
-4.2359366  00 
-2.7003066  00 
-1.9O1C806  00 
-1.3803756  00 
-9. 7755326-C 1 
-6.1772246-01 
-2.7890186-01 
-1.6100796-01 
-6.7309406-"2 
-1.0364376-02 
2.0127206-03 
1.8609586-03 
-1.417531E-06 
-2.239775E-03 
2.3825746-04 
-2.273591E-07 
-9.241C67E-03 
-1.2778926-02 
-1.672000E-02 
-2. 105232E-02 
-2.3361246-02 


4.980C006-01 

7,2179216-02 

6.968274E-C2 

2.0j2722E-l,4 

-2.5762786-02 

4.990000E-C1 

7.0854P66-02 

6.9682766-02 

1.4(13526-04 

-2. 3255166-02 

5.OC0C30E-01 

6.968270E-02 

6.9682706-02 

C. 

-3.3036866-02 

PECESTAI.  CAPPING-  5.0C0CC06-01 

FREC/W 

( S»GAM ) 2 

CMW2/PAID 

CMW2/0PL0 

MP A/MU2L 1 R/C ) 5  ERROR 

6FF. STIFFNESS 

EFF. DAMPING 

l.CC0CC'F-05 

4.999996E-02 

7.3134436-02 

6.9894976-02 

-1.8J1912E  04 

5.0C0C  ^F-C5 

4.9999796-02 

7.3133856-02 

6.988941E-02 

-3.6053476  03 

lc.ococcrF-c* 

4. 9999596-02 

7.3133166-02 

6.9882456-02 

-1.8022236  03 

•5.CCOC3CE-.A 

4,9997936-02 

7.3127656-02 

6. 98268  IE-02 

-3.6033286  02 

io.c:oc?*.e-o4 

4,9995866-02 

7  •  312078E-02 

6 . 975726E-C2 

-1 .8009266  02 

3.C^*CCCE- : 3 

4.9987536-02 

7.309331E-02 

6.947903E-02 

-5.992807E  01 

6.c:ccr.e-:  j 

4.9974946-02 

7 . 3<*52396-C2 

6.S06166E-G2 

-2 . 988602E  01 

io.cc:c:°e-:3 

4.9957966-0? 

7  .2998  18F.-02 

6.85  35106-02 

-1.7868846  01 

3.0C0C10E-G? 

4.9669546-02 

7 • 2  733596- j2 

6 . 572 138E-02 

-5.850193E  00 

6.orcc:',E-',2 

4.5724186-02 

7.2357286-02 

6. 154291E-02 

'  -2.8423666  00 

l.CC0»*,3F-;i 

4.9499R3E-G2 

7.1 893826-02 

5. 596658E-C2 

-1.633696E  00 

i.30-:cr»'E-:i 

4.9149286-02 

7.137624E-02 

4.8988836-02 

-1.0194236  33 

2.ocnrr.3F-:i 

4.867561E-C2 

7.092734E-J2 

4. 2C.?  3356-02 

-6.980372E-01 

2.500C3C6-G1 

4.798636E-02 

7.0547296-02 

3.5012686-02 

-4. 8566146-01 

3.  00300ft  E-C’l 

4.687280E-0? 

7 •  32361 8E-32 

2.8016356-02 

-3. 17551 IE-01 

3.5CCCC'>E-01 

4.474341E-02 

6.9994116-02 

2. 101 588E-02 

-1.6624526-01 

4.COOCOCE-01 

3.9C03306-02 

6. 9821146-02 

1.4012316-02 

-3.811 148E-02 

4.2C0CC0F-C1 

3.2504756-02 

6.9771296-02 

1 . 121wi2  5E-02 

-5.6378986-03 

4.400C0ftc-Cl 

1.2678146-02 

6.9732546-02 

8 • 407920E-03 

7.7867436-03 

4.3C0C0CE-O1 

2.6058596-02 

6.975052E-02 

9.8G9118E-03 

3.74699OE-03 

4. 2529806-01 

2. 96C 9056-02 

1.636959E-01 

6. 547835E-01 

1.3D9567E 

02  -2. 791046E-05 

6.9759936-02 

1.0467936-02 

4.6000306-01 

8.3351506-01 

6.970487E-02 

5 . 60539  IE-03 

-9. 0154656-04 

4.500CCCE-C1 

-3.0271896-02 

6.971728E-02 

7.006675E-03 

6.21061 3E-03 

4. 590629E-CI 

7.1555736  01 

3.395471E  02 

1.3581886  03 

2.716377E 

05  -9.609  195E-06 

6.970591E-02 

5.736705E-03 

4.800COOE-C1 

8.6946936-02 

-2.9571416-^2 
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4.85G000E-01 

6.9688256-02 

8.3134306-02 

2.8027256-03 

-3. 9101536-02 

4.9000CC6-01 

6.968585E-02 

7.  5523846-02 

2 • 1020476-13 

-4. 9305436-02 

4.9200C0E-01 

6. 9684136-02 

7.4071656-02 

1.4013676-03 

-5.3543506-02 

4.9400006-01 

6.96836IE-02 

7.278582E-02 

1.1210906-03 

-5. 785708E-32 

4.960C00E-01 

6.968319fc-u2 

7 .1639  386-02 

8. 4081946-04 

-6.2236916-32 

4.9700C0E-01 

6.96829*6-02 

7.111X426-02 

5.605491E-04 

-6.444 9306-02 

4.980C006-C1 

6. 968278E-02 

7.061071E-02 

4. 2041116-04 

-6.6674596-02 

4.990COC6-01 

6.9682746-02 

7.0135136-02 

2.8C2722E-04 

-6.8911876-V2 

5.000000E-CI 

6.968276E-02 

6.9682706-02 

1.401352E-04 

-7. 116372E-02 

6.968270E-02 

PEDESTAL  DAMPING-  2.0000006  09 

FftEQ/H  ( S*  GAM)  2  CNt,2/PAL0 

0. 

CMW2/DPID 

MPA/MU2L ( R/C )  5  ERROR 

1.00000CE-05 

EFF. STIFFNESS 

4.9999836-02 

EFF. DAMPING 

-4.5047056  03 

5.000000E-05 

7.31344*6-02 

4.9999176-02 

6.9894976-02 

-9.0106176  .'2 

10.00000CE-05 

7.3133856-02 

4.9998346-02 

6.9889416-02 

-4.5048106  02 

5.0COC006-04 

7.3133166-02 

4.999172E-02 

6,9882456-02 

-9.j;07456  01 

ID. 0000006-04 

7.3127656-02 

4.9983426-02 

6.982681E-02 

—4. 494466E  01 

3.0000006-33 

7.3120786-02 

4.9950036-02 

6.9757266-02 

-1.4902656  01 

6.O00C00E-03 

7.3093316-02 

4.9899426-02 

6. 947903E-02 

-7.3921856  00 

IO.OOOCOOE-03 

7.3052396-02 

4.9830916-02 

6.906166E-32 

-4.388WI436  OC 

3.000C006-02 

7.2998iee-02 

4.9469026-02 

6. 850510E-02 

-1.3840656  03 

6.0000006-02 

7.2733596-02 

4.8854316-02 

6. 5721366-02 

-6.3277636-01 

l. 0000006-01 

7.2357286-02 

4.7852146-02 

6. 154291E-02 

-3.3065486-01 

1.500C006-31 

7.1893826-02 

4.6135786-02 

5.5966586-02 

-1.7527846-01 

2.000C006-01 

7 . 137624E-02 

4.3460996-02 

4.8988836-02 

-9.03C746E-02 

2.500CC06-01 

7.0927346-02 

3.8591276-02 

4.2003356-02 

-2.9985486-02 

3.0C0C00E-31 

7.0547296-02 

2.6679906-02 

3 , 501268E-02 

1.4128636-02 

2.750C00E-C1 

7 .0236 18E-02 

3.422371E-02 

2.8016356-02 

-5. 257838E— 03 

2. 8114216-01 

7.0383096-02 
3.276569E-02  4.1459186-01 

3.1515106-02 
1.6583676  00 

3. 316734E  02  1.2843596-04 

3.5C0C03E-C1 

7.0345426-02 

-4.9518876-02 

3.065562E-02 

1.6813046-02 

6. 99941 IE-02 

2.1015886-02 
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T UAw  volume  treats  three  special  bearing  types  selected  for  study  because  of  their 
favorable  stability  characteristics  and,  hence,  their  potential  for  use  in  high  speed 
rotating  machinery  applications.  The  three  bearing  types  are: 

a.  The  Three  Lobe  Journal  Bearing 

b.  The  Floating  Sleeve  Bearing  with  an  Incompressible  Lubricant 

c.  The  Floating  Sleeve  Bearing  with  a  Compressible  Lubricant. 

In  the  floating  sleeve  bearings,  the  ring  is  prevented  from  rotating  but  is  other¬ 
wise  free  to  move.  The  ring  is  floated  by  pressurizing  the  outer  film  of  the  bearing 
In  the  case  of  a  compressible  lubricant,  the  inner  film  is  pressurized  as  well. 

The  volume  gives  extensive  design  data  in  form  of  charts  and  tables  from  which  the 
bearing  dimensions  can  be  obtained  for  a  given  application.  Data  are  given  for 
bearing  flow,  friction  power  los3  and  the  speed  at  which  hydrodynamic  instability 
sets  in.  In  addition,  two  computer  programs  accompany  the  volume,  and  instructions 
and  listings  of  the  programs  are  included.  The  programs  nuy  be  used  to  obtain  data 
for  cases  not  covered  by  the  presented  design  data. 
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